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Abstract

The ability to access a vast region of the pressure-temperature landscape using energy density tuning enables exotic states of matter to be probed. A well documented method for such
exploration, under static conditions, is the use of the laser-heated diamond anvil cell (LH-DAC),
accessing a combination of high pressure (>300 GPa) and high temperature (>5000 K). This thesis
presents our development of direct CO2 laser heating techniques to study a series of wide band gap
insulators, La2 Sn2 O7 , ZrO2 , and CeO2 , under high pressure conditions. The lasing frequency of
CO2 lasers is such that these wide band gap materials absorb the light directly through anharmonic
polariton-phonon scattering processes in the material.
In the early stages of our high pressure-temperature laboratory development, a study on the pyrochlore La2 Sn2 O7 was done using CO2 laser-heating. This study investigated the pressure induced
amorphization, and the production of a high pressure phase through laser annealing of La2 Sn2 O7 .
This study however was carried out with a lack of in situ diagnostics, a common shortcoming for
all experiments prior to this thesis. This thesis reports a series of developments for instrumentation that enabled an ensemble of in situ measurements that are used to investigate wide band gap
oxides, such as La2 Sn2 O7 , ZrO2 , and CeO2 .
Two dedicated laser heating systems were developed for in situ measurements at Argonne National Laboratory’s Advanced Photon Source using synchrotron techniques that allow temporal
and spatial resolved diagnostics. These are currently installed at sector 16-IDB for in situ x-ray
diffraction, and at 16-BMD for in situ x-ray absorption spectroscopy. In addition, an in-house
dedicated system was developed for CO2 laser-heating system, coupled with in situ Raman spectroscopy. A series of techniques were developed and implemented in these systems, such as power
stabilization, pyrometry, on-axis laser-heating, mode scrambling, and peak scaling.
Finally, the Clausius-Clapeyron slope of ceria (CeO2 ) under high pressure and temperature is
mapped using in situ Raman spectroscopy to determine both phase and temperature information.
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Table of Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

iii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

Chapter 2 Covalency is Frustrating: La2 Sn2 O7 and the Nature of Bonding in Pyrochlores Under High Pressure–Temperature Conditions . . . . . . . . . . .

5

2.1

Statement of effort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

2.2

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7

2.3

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

2.4

Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.5

2.4.1

Properties of the Ambient Phase . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.2

High Pressure Crystalline Phase . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.3

Implications for Tc Pyrochlores . . . . . . . . . . . . . . . . . . . . . . . 26

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Chapter 3 Optical and Electronic Solutions for Power Stabilization of CO2 Lasers . . . 31
3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2

Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

iv

3.3

Laser Spatial Profile Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4

Modulation of the CO2 Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.5

3.4.1

Direct Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.2

External Modulation by Polarization . . . . . . . . . . . . . . . . . . . . . 37

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Chapter 4 On-Axis CO2 Laser Heating for in-situ X-ray Absorption at 16-BM-D at
the Advanced Photon Source . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2

System Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3

4.4

4.2.1

CO2 Laser Path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2.2

Optical Collection Path . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Instrumentation Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.3.1

On-axis CO2 Laser Heating . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.3.2

Peak Scaling for Temperature Measurements . . . . . . . . . . . . . . . . 51

4.3.3

LabVIEW Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Case Study: Mapping the Phase Diagram of Zirconia Using in situ X-ray Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.4.1

4.5

High Temperature in situ XANES . . . . . . . . . . . . . . . . . . . . . . 54

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Chapter 5 The Clausius-Clapeyron Slope of the Fluorite to Cotunnite Structural Transition in CeO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

v

5.3

Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.4

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.5

5.4.1

Clausius-Clapeyron Relation . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.4.2

Polarized Raman Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.4.3

Unknown Phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4.4

Superionic Ceria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Appendix A Supporting Information: Covalency is Frustrating: La2 Sn2 O7 and the
Nature of Bonding in Pyrochlores Under High Pressure - Temperature
Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
A.1 Statement of Effort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Appendix B Copyright Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
Curriculum Vitae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

vi

List of Tables

5.1

Table of the four loadings done on ceria as described in experiment section 5.3. . . 60

5.2

Both cottunite and fluorite response of their modes. The 465 cm−1 peak is the
T2g mode of the fluorite structure. Linear fits to the modes showed an oscillatory
nature of the data. Thus these values should be taken as a first approximation. The
dν̄
) from a least
error bars reported are the errors of the intercept(ν̄0 ) and slope( dP

squares regression linear fit. The discrepancy between values can be explained by
difference in pressure fits, as Kourouklis et al. had data only from 10 GPa on up
and this work has data all the way to ambient. . . . . . . . . . . . . . . . . . . . . 65

A.1 Summary of the heating powers and exposure times on each quadrant of the sample. See Figure 2.7 of the main text for the quadrant labels. . . . . . . . . . . . . . 85

A.2 The evolution of the lattice constant and cell volume of F d3̄m La2 Sn2 O7 between
300- 1050 K at ambient pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

A.3 The evolution of the lattice constant and cell volume of F d3̄m La2 Sn2 O7 during
quasi-hydrostatic compression up to 49.3 GPa at ambient temperature. . . . . . . . 91

A.4 The Rietveld refined atomic positions for the recovered high pressure P 21 /n phase
(setting 2 of space group 14 P 21 /c), at ambient pressure. . . . . . . . . . . . . . . 92

vii

List of Figures

2.1

A summary of the various techniques and analysis undertaken: (blue) experimental
work, (green) theoretical work, and (red) the various states in which is the system
is observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2

XRD stack plots of La2 Sn2 O7 undergoing nonhydrostatic (no PTM, left, λ = 0.41570
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Chapter 1 Introduction

High pressure science has a wide variety of applications. Such uses include deep earth geological work, high pressure chemistry, electronic physics, phase discovery, and material synthesis.
Under such extreme conditions, high temperatures can be applied to anneal samples, map melting lines, map phase boundaries, and reduce deviatoric stress inherent in high pressure research.
Achieving these high temperatures while also at high pressures presents its own unique set of
problems and challenges.
The common tool used to achieve these high pressures is the diamond anvil cell (DAC), which
involves using diamonds to apply pressure onto the sample. The diamonds are chosen both for their
extremely high hardness to apply the pressure, its large optical band gap (direct band gap of 7.5
eV, an indirect gap of 5.5 eV[1]) for being transparent to optical light, and its single extremely high
optical gamma point phonon mode at 1333 cm−1 with a zero dipole moment (and thus no single
phonon infrared absorption).[2] Diamond has near zero infrared light absorption up to about 1900
cm−1 where two-phonon absorption begins.[3] By applying a modest force to these diamonds over
a very small area of the diamond culets, one is able to achieve very high pressures (&300 GPa).
In an effort to achieve even more extreme pressure and temperature conditions, laser heating
is the ideal tool for applying a large energy density onto a small sample. The high powers and
high collimation of lasers permits focusing very high energy densities onto a sample, which, if
the sample absorption is high at the laser wavelength, can achieve high temperatures inside a DAC
(&5000 K). This laser-heated diamond anvil cell (LH-DAC) can achieve much higher temperatures
than other high pressure high temperature methods such as ohmic heating (≤1000 K). The transparency of diamond enables the use of both one micron light lasers and ten micron light lasers. One
micron light solid state lasers are typically used for their high powers, as well as its high stability
of its modes, power, and pointing stability. These one micron lasers are ideal for heating metals
and semiconductors with a band gap less in energy than the one micron light. The one micron light
1

is absorbed by the free electrons through an inverse-Bremsstrahlung absorption. [4] An excited
electron collides with the nuclei of the lattice.
Other samples, such as insulators, do not absorb this one micron light well enough to achieve
extreme temperatures. The common approach has been to mix the sample with a medium that
absorbs the one micron light well, such as platinum or graphite. This has its own problems, such
as indirectly heating the sample, having unknown reactions between the absorbing medium and the
sample, and the absorbing medium contaminating diagnostic measurements such as x-ray diffraction (XRD).
Alternatively, the use of the CO2 gas laser, with its 9.6 µm (1042 cm−1 ) to 10.6 µm (943 cm−1 )
light (depending on the design of the specific laser) can usually couple to an insulator’s phonon
modes. This direct heating of the sample is superior to indirectly heating (by using an absorbing
medium and one micron light) for the reasons mentioned above. This direct absorption process
occurs through polariton-phonon scattering due to anharmonicities of the atomic bonds.[2] The
polariton in this case consists of the ten micron photon and the polarized media of the sample.
If all bonds in a solid are perfectly harmonic (which in reality they are not), then all the normal
modes of vibration are orthogonal to each other and none of these normal modes will interact with
each other, as any arbitrary vibration of the lattice can be decomposed into its normal modes in
the harmonic approximation. The polariton will then pass through the sample and at the end will
convert back into the ten micron light. [2, 5, 6] Adding in anharmonicity to bonds enables these
normal modes to couple to each other, which enables the normal modes of the polariton to scatter
off of other normal modes of the lattice in complex ways. Additionally, a two (or more) phonon
absorption process is also possible, which creates ”phonon side bands” in the absorption spectrum
of white light.[2] To add even more complexity to the situation, nonlinear effects (such as two
photon absorption) at very high laser power densities can occur creating a nonlinear absorption
with respect to laser power.
High pressure research necessitates the need for small sample sizes (ng - µg). These sizes of
sample have a thermal time constant on the order of tens of microseconds. [7] Thus the sample
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temperature will follow any laser power fluctuation greater than this thermal time constant. A
steady laser beam is necessary to avoid making measurements averaged over a wide temperature
range. Chapter 3 is the work done on stabilizing the CO2 gas laser power output in order to take
accurate in-situ measurements.
The most natural and obvious measurement to make while laser-heating in-situ is temperature.
Due to the small sample size and extreme temperatures, thermocouples are not an option, as they
would melt and/or react with the sample. The most common approach to measuring temperature
in a LH-DAC is through optical pyrometry. This technique relies on measuring the greybody
emission from the sample as it glows at high temperature. A Planck curve can be fit to the spectra
(setting the emissivity to be a free parameter that is constant with respect to wavelength) to extract
a temperature from only the shape of the spectra and not the absolute intensity of the spectra. For
most metals, the emissivity is relatively constant across the visible spectrum being measured, and
this optical pyrometry method can work well for the right sample. Of course, colored metals such
as gold have an emissivity that depends on wavelength across the visible and optical pyrometry
can give the wrong temperature if one does not take emissivity into account. For insulators the
emissivity can be complex function of the wavelength. This is due to Kirchoff’s law of thermal
radiation, which roughly states that in thermodynamic equilibrium the absorptivity of a sample
must be equal to the emissivity. The wide band gap of insulators necessitates that the absorptivity
of the sample be a complex function of the wavelength. Thus if pyrometry is to be reliably used
for insulators either the emissivity must be known or another temperature determination method
must be used.
Another method for measuring temperature is Raman spectroscopy. Provided the sample has
a good Raman spectra to analyze, the relative intensities of the anti-Stokes to Stokes peaks can
indicate the temperature of the sample. Since the anti-Stokes peak is inelastic scattering of the
laser by absorption of a Raman active phonon, and the Stokes peak is inelastic scattering that
creates a phonon, the ratio of these two peaks gives information about the population of phonons
in that mode. The population of phonons is given by the Bose-Einstein distribution which depends
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on the temperature. Chapter 5 uses in-situ Raman to determine the temperature of CeO2 and more
information on the technique can be found there.
This thesis comprises of a series of works involved in CO2 laser heating experiments and development for wide band gap oxides at high pressures and temperatures. Chapter 2 is a reproduction
of a publication featured as the front cover in the journal Inorganic Chemistry, where we CO2
laser heated La2 Sn2 O7 without in-situ measurements. In an effort to achieve more sophisticated insitu measurements while laser-heating, a series of instrumentation and techniques were developed.
Chapter 3 is work done on stabilizing the power fluctuations of CO2 gas lasers, in order to take
reliable in-situ measurements. Chapter 4 is a CO2 laser-heating system built for Argonne National
Laboratory’s Advanced Photon Source at 16-BMD. This laser-heating system is the first on-axis
CO2 laser-heating system that does not use reflective optics (which warp under high laser powers).
This system is chromatic aberration free and uses the peak scaling method developed by Kavner
and Panero.[9, 8] These techniques were then used to measure the Clausius-Clapeyron slope of
the CeO2 phase boundary between fluorite and cotunnite phases (chapter 5) using in-situ Raman
techniques developed at UNLV.
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Chapter 2 Covalency is Frustrating: La2 Sn2 O7 and the Nature of Bonding in Pyrochlores
Under High Pressure–Temperature Conditions

Abstract
Natural specimens of the pyrochlore (A2 B2 O7 ) compounds have been found to retain foreign actinide impurities within their parent framework, undergoing metamictization to a fully amorphous
state. The response to radionuclide decay identifies pyrochlore systems with having high radiation
tolerance and tailored use in radioactive waste applications and radionuclide sequestration. High
pressure is a powerful pathway to high density states and amorphization with parallels to radiationinduced processes. Here, La2 Sn2 O7 is evaluated under extreme conditions via the combination of
laser heating in a diamond anvil cell with X-ray diffraction and Raman spectroscopy. The measurements are supported by ab initio random structure searching and molecular dynamics calculations.
A new ground state at 70 GPa is revealed, and high temperature annealing is fundamental to access
its crystalline ground state and fully determine the structure. This crystalline phase (P 21 /c) retains
its structural integrity during decompression and is fully recoverable to ambient conditions. The
final state of the system is shown to be highly pathway dependent due to the covalent nature of
the Sn–O bonding. The Tc pyrochlore, La2 Tc2 O7 , is analyzed for similarities in the bonding to
determine the likelihood of an analogous pathway dependency to a final state.

2.1

Statement of effort

Reproduced with permission from: C. Childs, K. V. Lawler, A. L. Hector, S. Petitgirard, O.
Noked, J. S. Smith, D. Daisenberger, L. Bezacier, M. Jura, C. J. Pickard, and A. Salamat, “Covalency is Frustrating: La2Sn2O7 and the Nature of Bonding in Pyrochlores under High Pressure–Temperature Conditions,” Inorganic Chemistry, vol. 57, no. 24, pp. 15 051–15 061, Dec. 2018
Copyright 2018 American Chemical Society.
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2.2

Introduction

Pyrochlore oxides are a focus of intensive research, partly due to the large variety of physical and
chemical properties that can be tuned by changes in composition.[11, 12, 13] As a result, there
are significant applications of these systems in many areas of technological interest.[14, 15, 16] A
strongly emerging area in materials-based research is the use of pyrochlore oxides as matrixes to
sequester and immobilize radionuclides, particularly actinides and Gd produced in the nuclear fuel
cycle.[17, 18, 19] This interest is motivated by the chemical stability, low swelling, and high radiation tolerance of pyrochlore materials. Additionally, natural pyrochlore ores are known to have
actinide impurities, and several actinide dioxides adopt the related fluorite (CaF2 ) structure.[17,
20] The properties of lanthanide-technetium pyrochlore oxides have also been investigated, as pyrochlore oxides may have use as a 99 Tc waste form.[21]
Natural pyrochlore ores are known to undergo metamictization to a fully amorphous form as
are the synthetic pyrochlore actinide and lanthanide immobilization materials.[22] The alpha decay
events and the kinetic energy recoil of the associated nuclei of most radioactive actinides and lanthanides release large amounts of energy (∼5 MeV). That energy introduces defects in the crystal
lattice, leading to amorphization, swelling, and increased dissolution rates of the pyrochlore materials. The energy damage can be emulated in the laboratory via ion irradiation of samples.[23]
The decay events happen over the long half-lives of the radionuclides being sequestered, providing continuous radiation damage to the host matrix, altering the requirements for long-term
immobilization. Storage of nuclear waste necessitates structural stability over the half-life of the
radionuclides being stored. Therefore, it is important to fully understand the structural behavior
and stability of all candidate waste forms, including controlled amorphization, to better design
long-term storage solutions.
The archetypal pyrochlore oxide structure is a defect fluorite structure (F d3̄m) with 1/8th of the
anion sites vacant and stoichiometry: A2 B2 X6 Y, X = O2– , Y= O2− , OH– , F– . The eight-coordinate
A3+ and six-coordinate B4+ cation sites form edge-sharing coordination polyhedra whose shape
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change with composition and external constraints (e.g., pressure and temperature).[17] The stability of the pyrochlore oxide is largely dependent on the ratio of the radii of the A-site and the B-site
cations (rA /rB ).[24] The formation of the pyrochlore structure can be found in the cation radius
ratio range between 1.46 (Gd2 Zr2 O7 ) and 1.78 (Sm2 Ti2 O7 ) under ambient conditions. The A-site
cations are typically the nuclei to be sequestered, and the typical B-site cations and radii are Sn,
69 pm; Zr, 72 pm; and Ti, 60.5 pm. The cation radius ratio is also considered a good predictor of
radiation tolerance because one of the main radiation damage mechanisms are cation antisite defects.[25] These defects result in an A cation on the B sublattice or vice versa, and their associated
energy cost is directly proportional to the difference in cation radii. A second main factor contributing to the stability of the pyrochlore structure is the electronic configuration, predominately
of the B–O bond. It has been shown that zirconate pyrochlores exhibit better resistance to radiation
damage than the titanates, attributed to the more ionic nature of Zr–O bonding.[26] The ionicity of
bonding with the typical B-site cations generally follows Sn < Ti < Zr.
The possibility of accessing high pressure pathways provides an alternative route to studying
the structural stability of the pyrochlore structure with parallels to radiation-induced processes.
High pressure conditions can introduce strain and defects into a crystal structure, raise its free
energy, and give rise to structural and electronic transitions. If the kinetic energy required for a
phase transition is too high, a material can often transition to an amorphous form. A number of
pyrochlore compounds have been investigated under high pressure and have been shown to undergo
pressure-induced amorphization (PIA).[19, 27, 28] The pressure response and the occurrence of
PIA are linked to the relative stabilizing forces in the solid-state structure of the pyrochlore oxide.
While many pyrochlores exhibit PIA, there is no clear indication that the cation radius ratio is a
reliable predictor for the existence of PIA. The cation radius ratio is also not a reliable predictor
for the pressure of the critical onset of amorphization in the compounds that do exhibit PIA.[29]
La2 Sn2 O7 adopts the archetypal F d3̄m pyrochlore structure at ambient conditions and is well
within the stability region (rA /rB = 1.681). The goal of studying this model nonradioactive pyrochlore material is twofold: first, to better understand the chemistry of the pyrochlore oxides, and
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second, to elucidate controlled pathways to amorphous forms or extreme conditions stable phases.
These pathways can then be applied as a pretreatment for radionuclide containing pyrochlores to
achieve a waste form with a longer lifetime. An appropriate secondary containment system (glass,
pressed ceramic, cement, etc.) could then be designed for the new waste form.
In this study, we investigate the structural behavior of La2 Sn2 O7 under high temperature, high
pressure, and high pressure–temperature conditions as outlined in Figure 2.1. The F d3̄m structure exhibits a high degree of structural stability up to high temperatures. In contrast, the effects
of strain/stress response on structural stability on the system shows pathways to two different recoverable final states. One pathway is to an amorphous form under nonhydrostatic conditions.
The alternative pathway is a kinetically hindered first-order phase transition, preventing any reliable structural refinement. Laser-annealing at pressure produces a crystalline material that can
be characterized using Rietveld refinement analysis.[30] First principles simulations support the
experimental findings and provide an explanation for the stability regions and behaviors observed.

2.3

Methods

Professor Neil Hyatt at the Department of Materials Science and Engineering, the University of
Sheffield provided the La2 Sn2 O7 sample. The sample was made by ball milling SnO2 and La2 O3 .
Purity was confirmed by transmission electron microscopy (TEM), Raman, and X-ray diffraction
(XRD). The La2 Sn2 O7 sample was ground to a fine powder to ensure reliable averaging statistics
from the powder diffraction experiments. Isobaric heating was carried out on a Rigaku Smartlab (9
kW) diffractometer with Cu Kα1 X-rays (λ = 1.54056nm), parallel incident beam, θ–2θ geometry,
Dtex 1D detector, and Anton Paar HTK hot stage. The sample was heated under air, and temperature was measured using a thermocouple located just under the sample. The lattice parameters
were extracted from the high temperature XRD data using Le Bail refinement.
Three high pressure compression runs were carried out. The first two runs were at room temperature using membrane-driven diamond anvil cells with 150 µm culets. Rhenium gaskets were
indented to 20 µm with a starting hole size of 80 µm, and pressures were determined using ruby
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fluorescence methods. The first run was compressed with no pressure transmitting medium (PTM)
up to 75 GPa at ID09a (λ = 0.41570 Å) of the European Synchrotron Radiation Facility (ESRF)
using a MAR555 flatpanel detector. The second run was carried out using a He PTM for quasihydrostatic compression up to a final pressure of 61 GPa. The second run was investigated using
angle-dispersive synchrotron X-ray diffraction at the high pressure beamline ECB P02.2 of PETRA III (λ = 0.48281 Å) with a Perkin-Elmer detector. The third run was loaded with a NaCl
PTM, and the sample was split into four parts defined as quadrants. NaCl was used as the PTM
to allow for laser heating due to its thermally insulating properties. The diamonds in the third run
had 300 µm culets indented into a rhenium gasket to 31 µm. The sample chamber was approximately 120 µm wide. The sample was isothermally compressed to 67 GPa, and each quadrant
was CO2 laser-heated with a different amount of laser power (Table A.1, Supporting Information).
X-ray diffraction after laser-heating at high pressure was taken at HPCAT at the Advanced Photon
Source (APS) in Argonne National Lab (λ = 0.406626 Å). The recovered laser-heated sample was
investigated using angular-dispersive X-ray diffraction at Diamond Light Source (λ = 0.42280 Å).
All diffraction data were integrated and then analyzed using Fit2D[31] and GSAS.[32] Indexing
of the high pressure phase was conducted using the CRYSFIRE package, selecting solutions that
gave reflections for all observable Bragg peaks and a high figure of merit.
Ab initio random structure searching (AIRSS)[33, 34] was performed at 70 GPa using the
Perdew–Burke–Ernzerhof (PBE)[35] generalized gradient approximation (GGA) density functional[36, 37] in the plane wave code CASTEP.[38] The basis set cutoff energy was set to 450 eV
using ultrasoft pseudopotentials with valence configurations of 5s2 5p6 6s2 5d1 for La, 4d10 5s2 5p2
for Sn, and 2s2 2p4 for O.[39] A Γ-centered Monkhorst-Pack k-point grid with spacing 0.07 × 2π
Å−1 was used to sample the Brillouin zone.[40]
Additional ab initio simulations were done with the Vienna ab initio simulation package (VASP)
version 5.4.1. These simulations used primitive (unless otherwise specified) representations of
the unit cells and a k-point grid with 0.03 × 2π Å−1 resolution. The basis set cutoff energy
was 600 eV using projector augmented wave (PAW)[41] pseudopotentials formulated for PBE
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GW with valence configurations of 5s2 5p6 6s2 5d1 for La, 4d10 5s2 5p2 for Sn, 2s2 2p4 for O, and
4s2 4p6 5s2 5d5 for Tc.[42] Energy tolerances were set to 1 × 10–6 eV and force tolerances to 0.01
eV Å−1 . Molecular dynamics trajectories were propagated for 10 ps with 2 fs time steps by NpT
ensemble Langevin dynamics.[43, 44, 45] The first half of the simulation equilibrated the system,
and statistics were taken over the second half of the simulation. The atoms had a friction coefficient
of 5 ps–1 . The lattice degrees of freedom had a friction coefficient of 3 ps–1 and fictitious mass of
100 amu.[44] The MD simulations used softer pseudopotentials (i.e. no La 5s2 or Sn 4d10 ), a 400
eV basis set cutoff energy, and a 1 × 10–5 eV energy tolerance.

2.4

Results and Discussion

2.4.1

Properties of the Ambient Phase

Thermal amorphization is a common way to prepare materials as nuclear waste forms (i.e. vitrification into glasses). Therefore, a sample of La2 Sn2 O7 was heated to 1050 K at 50 K intervals,
while the structure was monitored by in situ X-ray diffraction to assess its thermal stability. The
structure maintains a high degree of crystallinity over the whole temperature range (33.84 ≤ wRp
≤ 36.94%) with a volume expansion of 1.90% (Figure A.1 and Table A.1, Supporting Information). The thermal volume expansion coefficient (α = 1/a300K (da/dT)) extracted from the data
is 8.605 × 10–6 K –1 .[46] MD simulations corroborate the phase stability because a cubic unit cell
of La2 Sn2 O7 remains F d3̄m up to 2000 K. The 2000 K MD simulation exhibits a slightly larger
6.81% volume expansion. La2 Sn2 O7 should remain F d3̄m until the melting point (>2000 ◦ C)
because these findings along with other measurements in the literature show a high thermal stability.[47, 48] The system clearly melts in an MD simulation at 5000 K, but the exact melting
temperature was not probed. The hysteresis from such a small simulation box would prevent an
accurate determination.[49, 50]
Having established the thermal stability of the ambient phase, the stability against compression needs to be evaluated. A previous study claims the ambient phase of La2 Sn2 O7 is stable up
to at least 17 GPa, with mostly crystalline F d3̄m diffraction patterns up to 32 GPa.[16] This has
12

promising implications as a potential PIA pathway for pretreating pyrochlore radiowaste materials
for long-term storage. However, there is a caveat to those results. A troublingly large amount
(20–30%) of Sn disproportionated into a pure elemental phase as the material began to show a
loss of crystallinity. The Sn disproportionation seemed to begin instantly upon compression. By
20 GPa, heavily distorted structure is reported. This is most likely a mix of La2 Sn2 O7 , Sn, and
La2 Sn2–x O7 being fit as a single phase. To better understand the behavior of La2 Sn2 O7 as a
function of pressure, compression using both non- and quasi-hydrostatic conditions was investigated. The initial compression pathway was carried out nonhydrostatically (no PTM) to induce
amorphization through pressure. The ambient phase is retained up to ∼40 GPa. A broad feature
appears in the XRD pattern at 8–9 degrees after 40 GPa. The broad feature becomes more and more
apparent upon further compression until the amorphization of the sample (Figure 2.2). By 75 GPa,
the sample is completely amorphized; as expected, the amorphous XRD diffraction pattern shifts
to higher diffraction angles (75 GPa S(Q) of the amorphized sample in Figure A.2, Supporting Information). The amorphous system can be decompressed down to ambient conditions. At ambient
conditions, there is no significant change beyond the expected main diffraction peak relaxing lower
in 2θ (Figure 2, top left curve). This can be interpreted as a large hysteresis or even more likely an
irreversible phase transition. The recoverability of the amorphous form clearly demonstrates that
nonhydrostatic compression is a means for PIA pretreatment of radiowaste pyrochlores. Although,
the pressures here are somewhat high for high-throughput treatment of waste forms.
Sluggish pressure induced transition and amorphization in nonhydrostatic compression experiments can be related to the sample’s microstructure evolution.[51] Pressure introduces strain and
defects into the lattice that build up until the elevated free energy forces a structural change. Local
domains within the sample, as well as the deviatoric stress due to the sample geometry, often mean
that phase transitions can occur across a wide range of measured pressures. The deviatoric stress
is exacerbated by pressure gradients within the sample. Moreover, a simplistic yet useful model
for nucleation and growth of a new high pressure phase shows that the material is in an extreme
nucleation dominant regime at the nonhydrostatic experimental conditions.[52] The critical radius
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for nucleation is very small in this regime. This scenario favors the creation of local nanocrystals
that might be too small to be spatially coherent for X-ray diffraction, yielding the sample to be
possibly X-ray amorphous. For the pyrochlore structure, it can also be predicted that such small
nucleation centers will show increased propensity to become strictly amorphous, even to shortrange order, given their energetic considerations.[53] More hydrostatic conditions can increase the
critical radius for nucleation and decrease the concentration of defects and the associated strain
energy, thereby enabling the nucleation of viable high pressure phase crystallites in the sample.
The nonhydrostatic conditions were initially assumed to be the cause for amorphization. Therefore, high pressure compression using helium as a PTM was carried out to evaluate whether the
previously observed amorphization is an indication of a frustrated phase transition to a higher density crystalline phase. Helium remains a liquid under compression up to a pressure of 12.1 GPa at
300 K. He has the lowest bulk modulus, hence the highest compressibility, of any known solid.[54]
It remains extremely soft with minimal nonhydrostatic stresses up to 150 GPa.[55] Use of such a
soft PTM is vital to investigations of structural changes under pressure with the minimum degree of
deviatoric stress. Under RT compression in He PTM, the ambient phase of La2 Sn2 O7 is stable until
a new phase emerges at 49.3 GPa. The transition goes to completion by 61 GPa (see Figure 2.2
(RHS)). Raman spectroscopy confirms the phase transition. The Raman band positions increase
and intensities attenuate until all the bands disappear by 36 GPa (Figures S3 and S4, Supporting Information). After 36 GPa, the pattern is associated with an amorphous form’s density of states.[56]
However, the XRD data show a phase coexistence that makes it evident that the phase transition is
kinetically hindered. The sluggish structural transition over such a pressure range leaves the new
phase stressed and/or disordered as may be seen from the Debye–Sherrer rings (Figure 2.2). The
phase coexistence of the high pressure and ambient systems confirms the first order nature of this
transition. It is critical to note that due to the nature of the kinetically hindered first order transition,
even using the softest available PTM is not sufficient to allow access to a fully crystalline state.
This type of kinetically hindered phase transition is seen in many other examples of pyrochlore
materials under pressure.[51]
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As F d3̄m La2 Sn2 O7 remains highly crystalline under quasi-hydrostatic compression until 49.3
GPa, the equation of state (EoS) can be determined. The unit cell parameters extracted from the
XRD data using Le Bail refinement (Figure A.5 and Table A.3, Supporting Information) show a
6.15% decrease in the cubic lattice constant from ambient pressure to 49.3 GPa. The third order
Burch–Murnaghan (BM) EoS gives a bulk modulus of K0 = 183(4) GPa, K0 = 3.7(3), and a
reference volume of V0 = 153.15(1) Å3 .[57, 58] At first glance, the BM EoS appears to describe
the expected response of the system during compression with a tight fit of the V(P) data (Figure
2.3, inset). However, the compression data is very oscillatory around the fit to a linearized form of
the BM relation. The linearized form uses the Eulerian-finite strain (f) vs normalized pressure (F),
and it gives K0 = 188(3) and K0 = 3.8(2) from the y-axis intercept and gradient of the linear fit,
respectively. Rietveld refinement can be attempted to monitor the displacement of the free oxygen
position (i.e. X in the archetypal stoichiometry with crystallographic label O2). O2 is the only
atom in the asymmetric cell with a coordinate not set by the crystal symmetry, and it is likely the
origin of the oscillatory behavior. However, in this case and the initial heating experiment, reliable
statistics could not be extracted due to the presence of the heavier cations and their significantly
higher X-ray scattering contribution.
As O2 could not be monitored experimentally, the response of the internal geometry to strain
was simulated by creating a series of structures at differing volumes. The volumes were created
by changing the lattice constant of the ambient structure and optimizing the atomic coordinates.
By comparing the geometric parameters before and after the optimization, only the O2 atoms
moved. Every other atom stayed on its Wyckoff site. Parsing the material into the conventional
pyrochlore sublattices (A2 Y and B2 X6 ) confines the distortions in the geometry to the Sn sublattice.
All the bond and dihedral angles in the Sn sublattice would remain constant if O2 is kept fixed,
yet Figure 2.4 shows they diverge from those values upon compression. In a perfectly regular
octahedron, the O–Sn–O bond angles and the dihedral angles between the basal planes and the
primary axes would all be 90◦ . Even without compression, the SnO6 octahedra are irregular. This
irregularity only increases upon compression. The picture that arises is that the SnO6 octahedra
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pyrochlore sublattices (A2Y and B2X6) conﬁnes the distortions
in the geometry to the Sn sublattice. All the bond and dihedral
angles in the Sn sublattice would remain constant if O2 is kept
ﬁxed, yet Figure 4 shows they diverge from those values upon

Figure 5. La2Sn2O
covalent bonding
Sn, and (yellow/

bonding in the
partially covale
covalent bond b
metal−oxygen
pair, while the
centers.53,54 Th
metal−oxygen c
in La2Sn2O7’s p
apparent bond
bond−lone pair
three-center co
visually appear
Figure 4. Change in geometries of the Sn sublattice obtained by
Figure 2.4: reducing
Change in the
geometries
thethe
Sn sublattice
obtained
by reducing
the volume
orbitals may ac
volumeofof
cell, keeping
atoms
ﬁxed (solid),
and of the cell,
keeping atoms
fixed
(solid),
and
allowing
the
atomic
positions
to
relax
(dashed):
(black)
Sn–O2
way, the oxygen
allowing the atomic positions to relax (dashed): (black) Sn−O2
length, (red) O2–Sn–O2 angle pointed into the Sn4 O6 tetrahedral cages, (blue) O2–Sn–O2 angle
than if they had
length, (red) O2−Sn−O2 angle pointed into the Sn O6 tetrahedral
pointed away from the cages, (green) Sn–O2–Sn angle, (purple) the 4dihedral
angle between the
cages, (blue) O2−Sn−O2 angle pointed away from the cages, (green)
atoms.
basal plane and the axis of the SnO6 octahedra pointed into the cages, and (gold) the dihedral angle
Sn−O2−Sn angle, (purple) the dihedral angle between the basal
High Pressu
pointed away from the cages.
plane and the axis of the SnO6 octahedra pointed into the cages, and
of the phase tr
(gold) the dihedral angle pointed away from the cages.
prevents any re
accessed high d
are twisting and compressing the Sn4 O6 tetrahedral cages while their outward facing angles shrink
compression da
compression. In a perfectly regular octahedron, the O−Sn−O
unknown
phase
bond angles
the dihedral
between are
thealso
basal
planesin the LaO
to accommodate.
Similar and
monotonic
distortionsangles
from regularity
observed
8
group symmetr
and the primary axes would all be 90°. Even without
cuboids. The combined effects of these rotations with the internal stresses preventing them in a
cell. The only c
compression, the SnO6 octahedra are irregular. This irregureal, nonannealed
is the cause
of the
observed oscillations
in F(f). that arises
were minimum
larity material
only increases
upon
compression.
The picture
unreasonable st
is that the SnO6 octahedra
are twisting and compressing the
The resistance to compression
of the Sn–O bond and the decrease of the Sn–O–Sn angle signal
2.31 Å, Sn−Sn
Sn4O6 tetrahedral cages while their outward facing angles
a covalent nature
to
the
bonding
in
the
Sn
sublattice,
the
metal–oxygen–metal
angle
in
compounds
AIRSS identiﬁe
shrink to accommodate. Similar monotonic distortions from
P21/c, 0 meV; C
arethe also
observed
in the60]LaO
8 cuboids.
is known toregularity
be a marker of
covalency
of the bond.[59,
A strong
overlap ofThe
Sn s states and
combined eﬀects of these rotations with the internal stresses
Supporting Info
O2 p states at
the
bottom
of
the
valence
band
around
6
eV
exists
in
the
site
and
angular
momentum
preventing them in a real, nonannealed material is the cause of
pattern is insuﬃ
the observed
oscillations
in2 OF(f).
AIRSS solution
projected density
of states for
F d3̄m La2 Sn
7 (Figure A.6, Supporting Information). Inspection
The resistance to compression of the Sn−O bond and the
the need to the
decrease of the Sn−O−Sn angle signal a covalent nature to the
structural phas
18 metal−oxygen−metal angle in
bonding in the Sn sublattice, the
choice of PTM
compounds is known to be a marker of the covalency of the
To that end
51,52
bond.
prepared to test
A strong overlap of Sn s states and O2 p states at the

Article

ns
ral
pt
on

by
nd
O2
ral
n)
sal
nd

−O

Figure
5. La2Sn
2O7 (Fdm). Representative charge density of a Sn−O
Figure 2.5: La2 Sn
2 O7 (F d3̄m ). Representative charge density of a Sn–O covalent bonding band.
covalent
bonding
band.
The
are: (green)
La, (red)
O, (gray)
The colors are:
(green) La,
(red) O,
(gray)colors
Sn, and (yellow/blue)
the charge
density isosurfaces.
Sn, and (yellow/blue) the charge density isosurfaces.
of the band decomposed charge density shows 6 bands that are clearly a linear combination of

bonding in the system is ionic between La and O and at least
Sn–O bonding orbitals wrapping around the Sn O tetrahedral cages (Figure 5). All the other bands
partially covalent between Sn and O2. In a three-center
in the valence band appear to be linear combinations of O 2p lone pair orbitals, although those
covalent
bond between a metal−oxygen−metal unit, one of the
closest in energy to the Sn–O2 covalent bands show a polarization toward the Sn atoms (Figure A.7,
metal−oxygen
bonds disproportionates into an oxygen lone
Supporting
Information).
There isbond
also an overlap
between
states and
s states around
12
pair,
while
the other
smears
outLa pover
allO1three
atomic
53,54
eV. However,
inspection
band decomposed
charge densities
does of
not show
signsfor
of covalency
centers.
Thisof theprovides
a bond
order
0.50
each
(Figure A.8, Supporting
Information). The
La–O overlap
a fortuitous
energetic overlap
of
metal−oxygen
connection.
There
are 6is just
strongly
covalent
bands
insemivalent
La2Snatomic
primitive
cell
for is24
connections,
an
states.
The bonding in
the system
ionicSn−O2
between La and
O and at least partially
2O7’s
apparent
bond
order
0.25. covalent
This bond
means
that
twice as many
covalent between
Sn and
O2. In aof
three-center
between
a metal–oxygen–metal
unit,
bond−lone
pair disproportionations
have lone
occurred
than
one of the metal–oxygen
bonds disproportionates into an oxygen
pair, while the
otherin
bonda
three-center
covalent bond, or that some of the bands that
smears out over all three atomic centers.[61, 62] This provides a bond order of 0.50 for each
visually
appear to be linear combinations of oxygen lone pair
metal–oxygen connection. There are 6 strongly covalent bands in La Sn O ’s primitive cell for 24
orbitals may actually be part of the covalent network. Either
Sn–O2 connections, an apparent bond order of 0.25. This means that twice as many bond–lone pair
way, the oxygens in the Sn sublattice have more ionic character
disproportionations have occurred than in a three-center covalent bond, or that some of the bands
than
if they had single or three-center covalent bonds to the Sn
that visually appear to be linear combinations of oxygen lone pair orbitals may actually be part of
atoms.
the covalent network. Either way, the oxygens in the Sn sublattice have more ionic character than
High Pressure Crystalline Phase. The kinetic hindrance
single or three-center
covalent
the Sn atoms.
ofif they
thehadphase
transition
at bonds
61 toGPa,
even in a helium PTM,
prevents any reliable indexing of the unit cell of the newly
19
accessed high density phase based on the quasi-hydrostatic
compression data. AIRSS was employed to help identify the
4

6

2

2

7

2.4.2

High Pressure Crystalline Phase

The kinetic hindrance of the phase transition at 61 GPa, even in a helium PTM, prevents any
reliable indexing of the unit cell of the newly accessed high density phase based on the quasihydrostatic compression data. AIRSS was employed to help identify the unknown phase. The
structure searches made use of space group symmetry and allowed up to 4 formula units per unit
cell. The only constraints placed on the generated structures were minimum interatomic distances
to prevent sampling unreasonable structures: O–O 2.53 Å, O–Sn 1.96 Å, O–La 2.31 Å, Sn–Sn
3.26 Å, Sn–La 3.29 Å, and La–La 3.65 Å. AIRSS identified three possible, energetically viable
solutions: P 21 /c, 0 meV; C2/c, 105 meV; and Pbcn, 177 meV (Figure A.9, Supporting Information). However, the quality of the XRD pattern is insufficient to permit a reliable match even with
the AIRSS solutions. Our inability to index the new phase makes the need to thermally anneal this
(or any) kinetically hindered structural phase transition quite clear, independent of the choice of
PTM.
To that end, an alternative type of sample loading was prepared to test different thermal annealing conditions while in the thermodynamic stability region of the new high density phase. The
top inset in Figure 2.6 shows the quadrant layout of the La2 Sn2 O7 loading in a DAC at 67 GPa
in a NaCl PTM. Each quadrant was laser heated with increased power density and duration (Table A.1, Supporting Information). The stack plot in Figure 2.6 reveals the corresponding XRD
patterns. There is a clear evolution of crystallinity with the peak shapes sharpening with stronger
annealing conditions. In quadrant 1 (lowest power and duration), most of the features are from the
NaCl PTM. The NaCl features persist in the other XRD patterns but become less dominant as features from the sample take precedence. Laser annealing at or above 3.9 M W/cm2 , quadrants 2–4,
produces a crystalline sample with a varying degree of crystallinity. The crystallinity increases
with temperature. The highest intensity (quadrant 4, 8.0 M W/cm2 for a total of 775 s) produces
the most crystalline XRD pattern. The Raman spectra for each quadrant was featureless prior to
heating. Only a single Raman peak appears at 870 cm–1 (at pressure) upon heating. Decomposition/disproportionation is a concern in high temperature experiments, but there is no evidence of
20

elemental species or metal oxides in the XRD and Raman data. The pyrochlore remains intact even
at the most extreme temperatures and pressures, so the previous report of a build-up of elemental
Sn upon compression is most likely an ill-explained artifact of their experimental approach.[16]
There is a distinctive improvement in XRD quality of the post laser heated XRD pattern compared to the quasi-hydrostatically XRD pattern (Figure 2.2 (right) and Figure 2.6), demonstrating
that laser heating enabled the sample to overcome the kinetic barriers and access the crystalline
thermodynamic ground state. Overcoming those barriers enables true structure determination. The
67 GPa, post laser heating XRD pattern can be Rietveld refined (wRP = 4.5% and Rp 2.1%) using
the lowest energy solution, P 21 /c, from the AIRSS calculations (Figure 2.7, a = 8.3376(4) Å, b =
5.3657(6) Å, c = 9.7935(5) Å, β=90.381(5)◦ ). Rietveld refinement reveals the same P 21 /c phase
(Figure 2.7, a = 9.39975(9), b = 5.75590(2), c = 10.68544(7) Å, β=89.9341(1)◦ , wRP = 2.0% and
Rp 1.1%) when the sample is decompressed back down to ambient pressure. The quality of the
data enabled full refinement of all the atomic position in the cell (Table A.4, Supporting Information). This includes the anion positions, thus providing a reliable structure model of the new
phase.
During the laser heating experiments, it can be estimated that quadrant 4 achieved a temperature
in excess of 2500 K. This demonstrates a robust thermal stability of the P 21 /c phase quite similar
to the F d3̄m phase at ambient conditions. MD simulations show that a single unit cell of the
P 21 /c phase remains crystalline at 70 GPa and 5000 K with a 7.17% volume expansion (Figure
2.8). The volume expands through a dilation of the b- and c-crystallographic axes coupled with
a slight contraction of the a-axis. More remarkably, a cubic unit cell of the F d3̄m phase at 70
GPa and 5000 K appears to transform into the P 21 /c phase (Figure 2.8), albeit without perfect
crystalline ordering. A primitive unit cell of the F d3̄m phase transforms into a cell resembling the
C2/c AIRSS solution at 70 GPa and 5000 K. A primitive F d3̄m cell contains only 22 atoms, so it
cannot access the 44 atom P 21 /c cell. In contrast, a cubic unit cell of the F d3̄m phase at 70 GPa
and 2000 K remains in the same phase. This shows that the small box size is artificially stabilizing
the F d3̄m phase compared to experiment. However, a large enough thermal kick overcomes the
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Figure 2.6: Four quadrant laser heated sample at 67 GPa. (top) Photos of the DAC loading with
quadrant index (middle) and X-ray transmission profile (right). The XRD patterns in the stack plot
correspond to the quadrant of the same number. Heating increased with quadrant number.
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Figure 2.7: A comparison of XRD patterns of the various states of the sample investigated, from
bottom: (a) ambient phase, (b) recovered P 21 /c: (a = 9.39975(9), b = 5.75590(2), c = 10.68544(7)
Å, β=89.9341(1)◦ ), (c) P 21 /c post laser-heating at 67 GPa (a = 8.3376(4), b = 5.3657(6), c =
9.7935(5) Å, β = 90.381(5)◦ ), (d) quasi-hydrostatically compressed at 61 GPa, (e) nonhydrostatically compressed at 75 GPa, and (f) recovered nonhydrostatically compressed.
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Figure 7. A comparison of XRD patterns of the various states of the sample investigated, from bottom:
= 9.39975(9), b = 5.75590(2), c = 10.68544(7) Å, β=89.9341(1)°), (c) P21/c postlaser-heating at 67
9.7935(5) Å, β = 90.381(5)°), (d) quasi-hydrostatically compressed at 61 GPa, (e) nonhydrostatically
nonhydrostatically compressed.
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As in the F d3̄m phase, the site and angular momentum projected density of states for P 21 /c
La2 Sn2 O7 at 70 GPa shows a strong overlap of Sn s states and O p states for the 8 bands at the
bottom of the valence band (Figure A.10, Supporting Information). The band decomposed charge
densities for these bands show a covalency between the Sn and O. Unlike the covalency in the
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Considering these results, it is now clear why this material exhibits a kinetically hindered first
order phase transition. It is transitioning from one covalent network about the Sn atoms to another. The Sn octahedra in the P 21 /c phase are even less regular than in the F d3̄m phase. The
Sn–O distances now vary for each atom, and each of the three planes containing 4 O and the Sn
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are no longer flat. The oscillations in the F(f) EoS (Figure 3) are now more easily explained as
the resistance of the covalent network to compression coupled with the pressure induced phase
coexistence and its accompanying transformation of the character of the covalent network, leading
to anisotropic strains. The covalent to covalent translation is the source of the frustration in the
phase transformation and is also the likely cause behind the previously observed frustrated phase
transformations in other pyrochlores.(43)[51] By comparison to previous studies, we can assert
that the covalency in pyrochlores should decrease in the order Sn > Ti > Zr. The leading cause
of amorphization is antisite defects and a sublattice with increased covalent character should more
strongly resist those defects. Therefore, Sn pyrochlores should be the more stable and tolerant to
radiation damage crystalline materials, especially in their high pressure annealed phases.

2.4.3

Implications for Tc Pyrochlores

Despite all the interest in actinide and lanthanide pyrochlores, there has only been one study to
date investigating technetium pyrochlore oxides.[21] However, Tc pyrochlore oxides represent an
interesting candidate waste form material. For instance, unlike actinides and lanthanides,

99

Tc

is a weak β emitter (293 keV), so the material would experience a significantly reduced amount
of radiation-induced amorphization.[64] Tc is only known to present as Tc(IV) and Tc(VII) in
solid-state oxides.[65] Tc would need to occupy the B-site as Tc(IV), as shown to be the case in
lanthanide (but not La) Tc pyrochlores. Tc(IV) species have generally low volatility and are also
much more readily retained chemically compared to higher valent oxo species.[66] Tc(IV) is also
the most environmentally immobile form. Immobilizing 99 Tc(IV) in a stable material would provide an ideal long-term storage solution. It would also eliminate the issue of upward of 70% of the
Tc volatilizing away during vitrification at ∼1100 ◦ C into a borosilicate glass, the current strategy
for a 99 Tc waste form at the Hanford site.[64, 67] Some groups have attempted to trap Tc(IV) as
a dopant in iron-oxide materials such as magnetite, Fe3 O4 .[66] When a Tc-doped magnetite sample is heated to 600 ◦ C, the surface Tc oxidizes and volatilizes off. By 700 ◦ C, even the bulk Tc
migrates to the surface, oxidizes, and volatilizes off. The inability of that material to retain Tc(IV)

26

significantly reduces its utility for vitrification or storage in geologic repositories.
A thermally stable material that better incorporates Tc(IV) would be an ideal waste form. We
have already demonstrated that La2 Sn2 O7 is a thermally stable material to upward of 2000 ◦ C in
both of its phases. It would be quite significant if La2 Tc2 O7 is analogous to La2 Sn2 O7 . There is
reason to believe that is the case given the similarities between Tc and Sn: Tc is known to form
covalent bonds with O,[62, 68, 69] the covalent radius of Sn is 1.40 Å and 1.38 for Tc Å,[24,
70] and the ionic radius for octahedral Sn(IV) is 0.69 Å compared to 0.645 Å for Tc(IV). The
electronic structure of F d3̄m La2 Tc2 O7 at 0 GPa and P 21 /c La2 Tc2 O7 at 70 GPa can be compared
to that of La2 Sn2 O7 to test for a similarity between the materials. The Tc pyrochlore structures
were obtained by substituting Tc for Sn and allowing the structure to fully relax. Tc(IV) will have
three d electrons that are not ionic or bonding with the ligands. As the Tc atoms are surrounded by
ligand, those d3 electrons may localize entirely on-atom. To account for the potential localization,
the rotationally invariant single parameter Hubbard DFT+U correction (Ueff = 4.0 eV)[71, 72] was
applied to the Tc d states along with a high spin guess. Ferromagnetic (FM) ordering was used
because it is the simplest spin ordering for on-atom localization. While other spin orderings may
have lower energy, the FM solution’s geometry and electronic structure will be similar enough to
make general conclusions.
The partial density of states for F d3̄m La2 Tc2 O7 at 0 GPa and P 21 /c La2 Tc2 O7 at 70 GPa
show that the Tc to Sn analogy holds true (Figures S12 and S13, Supporting Information). The
key difference between the two systems is the nature of the B-site d electrons. The 4d electrons
in Sn are semivalent, whereas in Tc they sit above the oxygen lone pairs at the top of the valence
band. Both structures adopted the anticipated atom localized d3 electrons (S = 3/2). Other magnetic solutions (i.e. S = 1/2 and diamagnetic) indicative of itinerant d electrons exist, but they
are all higher in energy than the S = 3/2 state. More importantly, both symmetries exhibit similar
covalent bonding bands to their Sn counterparts (Figure 2.10). The Tc-O covalent network wraps
around tetrahedra of the Tc sublattice in the F d3̄m structure. The P 21 /c bonding network is also
similar, except the states have split between being oriented equatorially (Figure 2.10, right) and
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2.5

Conclusion

Several different methods and approaches were undertaken to provide an in-depth understanding
of La2 Sn2 O7 , its responses to temperature and pressure, and the underlying chemistry behind it.
Beginning with the ambient conditions characterization of the starting material, this work reveals
a high purity single phase material with a marked thermal stability owing to the covalent network
covering the Sn sublattice. Nonhydrostatic compression leads to pressure-induced amorphization,
while quasi-hydrostatic conditions reveal La2 Sn2 O7 undergoing a kinetically hindered first order
phase transition beginning around 49.3 GPa. It can be deduced that the kinetic hindrance combined
with no PTM leads to deviatoric stresses which cause pressure-induced amorphization. Laser annealing is required to fully transform compressed La2 Sn2 O7 into its high pressure phase. Structure
searching, molecular dynamics, and Rietveld refinement identify the high pressure phase as P 21 /c
symmetry. Inspection of the electronic structure of the P 21 /c phase reveals a covalent network
about the Sn atoms that differs from that of the F d3̄m phase. The large change required to facilitate the transition between the two different bonding networks is the leading cause of the kinetic
hindrance. On the other hand, the persistence of the bonding in the P 21 /c high pressure phase to
ambient conditions is a likely reason behind its recoverability. It is interesting to consider which
previously reported pyrochlores would exhibit similar behavior and the other phases that would be
observed if they were re-examined under high pressure with laser annealing.
This work aimed to explore structure properties in pyrochlores to consider the implications for
their improved usage as waste forms for radionuclides. La2 Tc2 O7 and La2 Sn2 O7 have very similar
electronic structures in both the F d3̄m and P 21 /c phases. This provides a new candidate waste
material that could trap Tc in its environmentally immobile Tc(IV) state and simultaneously be
robust against pressure and temperature. Nonhydrostatic compression shows promise as a route
for preparing initially amorphous waste forms for other radionuclides. However, the 61 GPa amorphization pressure is likely too high for practical preparations. The choice of the A- and B-site
cations (or mixed compositions) will need to be carefully considered to balance the robustness of
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the covalent network and the mechanical work required for either pressure-induced amorphization
or accessing a crystalline phase more tolerant of extreme conditions. The build-up of radiation
damage at different pressures will be a vital additional input into the system’s energy landscape.
High pressure experiments on ion irradiated samples need to be done to further understand the
structural stability of nuclear waste forms. The introduction of temperature to radioactive samples
under pressure can potentially reveal even more insights. The combination of these techniques will
unravel the interplay between pressure and radiation induced structural transformations.
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Chapter 3 Optical and Electronic Solutions for Power Stabilization of CO2 Lasers

Abstract
We present two solutions, utilizing optomechanical and electronic approaches to the issue of power
stability from a CO2 laser source. For accurate temperature measurements, beam power stability is
critical. Using a wire-grid polarizer on a motorized rotation stage we were able to achieve ±0.3%
stability compared to a ±5% raw output. Using a direct modulation of the duty cycle of the laser
yielded ±0.3% stability for the same profile.

3.1

Introduction

Laser beam heating is often used to achieve high sample temperatures in high pressure material
science research using diamond anvil cells, and reliable thermodynamic measurements require a
steady state during the measurement time. Due to the small sample size (ng - µg) in diamond
anvil cell work, the thermal response time of the sample is of the order of microseconds [73, 7],
and steady laser beam power is required to avoid making measurements averaged over a wide
temperature range. For many materials which are transparent at 1 micron in the near infrared, laser
beam heating using a CO2 laser operating at 10 microns has an advantage over high power solid
state lasers operating at 1 micron since the 10 micron beam is directly absorbed by the sample
and a separate absorber is not needed. This work presents solutions to problems special to power
stabilization of a CO2 laser.
Power stabilization in gas lasers, operating in the visible and near-IR range, is typically implemented by varying the current across the tube while sampling a portion of the beam to a photodiode. This becomes more challenging for CO2 lasers operating primarily at 10.6 micron. These
wavelengths in the mid-IR (3-50 µm ISO 20473:2007) are not detectable with common photodiodes. Thus thermopiles or tailored semiconductors have been used to measure the beam power at
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these wavelengths.[74] An electronic feedback mechanism that relies on the thermal emission of
the sample has also been utilized.[75, 76, 77]
There are at least 36 lines from 9-11 µm that the CO2 laser can lase at[78], thus there have been
many different ways of stabilizing the CO2 laser frequency,[79] using methods such as the optogalvanic effect,[80] saturated absorption spectroscopy,[81] Lamb-dip method,[82] photoacoustic
effect,[83, 84, 85] and using a Stark cell.[86] Synrad offers a CO2 laser power ”closed loop stabilization kit”[87]. It claims a ±2% stability and is only available for certain CO2 laser models,
while other works using similar methods as this work have claimed a stability of ±0.3% [88].
Various methods have been implemented to establish power stabilization in CO2 gas lasers for
heating and metrology. Such methods utilize internal or external modulation. Internal modulation
meaning the direct modulation of current across the tube or changes to the lasing cavity,[79, 83]
and external modulation meaning the modulation of the laser beam after it has left the laser. The
simplest and most direct solution is internal modulation by direct modulation of tube current. Some
external modulation methods can include polarization modulation, phase modulation, electro-optic
modulation, and electro-absorption modulation.
A method commonly used for externally stabilizing the power output utilizes the linearly polarized output of most lasers. Gas lasers typically have their laser cavity windows set at Brewster’s
angle, leading to a polarized output. Taking advantage of this polarization one could add a variable
polarizer to vary the transmitted laser power. A variable polarizer can take many forms, such as
half-wave plate and polarizer, Pockels cell and polarizer, and polarizer on a rotation stage.
Half-wave plates for mid-IR are an order of magnitude more costly than visible half-wave
plates. An electro-optical modulator (EOM) is possible using a Pockels cell. This would require
a single crystal material with a high electro-optical coefficient. CdTe is transparent to the mid-IR
(bandgap = 1.5 eV), birefringent, and has the highest linear electro-optical coefficient of the IIVI compounds. [89, 90] Applying an electric field by a capacitor across an electro-optical single
crystal will change the index of refraction parallel to that axis. Orienting the crystal and capacitor
at a 45◦ to the laser will result in a variable waveplate.[90] The response time is only limited by
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the ability to charge the capacitor (∼ns). A Pockels cell may be worth the cost depending on the
needs of the experiment.
Commercial CO2 lasers typically use pulse width modulation (PWM) of the current across
the tube, in the radio frequency range (typ. 5-20kHz), to modulate the average laser power. For
small samples typical in a diamond anvil cell (DAC), the thermal time constant is of the order
of microseconds.[73, 91, 92] A typical PWM is about 5-20 kHz (200-50 µs) with a typical laser
decay time of around 100 µs, thus the sample temperature will follow the oscillatory nature of the
laser. Pyrometric temperature measurements of the sample will then be an average of the sample’s
temporal thermal emission spectra, similar to pulsed laser heating temperature measurements.[73,
7, 93] Thus it is ideal to either run the laser at near full duty cycle and externally modulate the laser
beam, or run the laser at high enough duty cycle frequency (∼20 - 100 kHz) such that the laser
decay time (dependent on specific laser design of 1-100 µs) is long compared to the duty cycle
period.
In this work we tested two solutions: a direct feedback control that modulates the PWM and
an external modulation using a wire grid polarizer (WGP) on a motorized rotation stage. A custom
built thermopile was made to keep the response time under 100 ms. Direct feedback is a cheaper
and simpler solution however the external modulation has the advantage of reducing the radio
frequency laser oscillation.

3.2

Detectors

Semiconductor based photodetectors have response times on the order of electronic time scales.
However for mid-IR radiation this requires a very small band gap (∼0.1 eV at 10 µm). Thus it
becomes desirable for the detector to be at temperatures much colder than room temperature in
order to depopulate the conduction band of the semiconductor. HgCdTe has a tunable bandgap
depending on the amount of cadmium in the zincblende structure (replacing Hg).[94, 95] Typical
HgCdTe detectors are several orders of magnitude higher cost than thermopiles.
While thermopiles are the cheaper solution, the disadvantage is their response time. Most
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Figure 3.1: The power stabilization circuit for a CO2 laser using external modulation by polarization.
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high power thermopiles have a response time of the order of seconds, while a HgCdTe can have
a response time of the order of nanoseconds. The thermopile’s response time depends primarily
on the size of the absorber and its thermal time constant. Other high cost detectors include photon
drag detectors [96, 97, 98, 99, 100, 101] and thermoelectric thin film sensors.
In this study a custom made thermopile is used to measure the average power of the laser. This
thermopile has a measured response time of 86(1) ms (1/e). The thermopile is a ZTP-315 from
Amphenol Advanced Sensors ($3.57 each from mouser.com). The thermopile optical filter passes
5-14µm. It has a 40 ms time constant and outputs a voltage proportional to the temperature difference between the absorber and the case. The case temperature can be measured via a thermister
attached to the case.

3.3

Laser Spatial Profile Stability

In order to keep the response time of the thermopile low, we purchased a small thermopile (1.3x1.3
mm2 active area). By focusing the beam onto the thermocouple’s active area, we found large
deviations of the thermopile signal. It was determined that the laser beam’s spatial profile varied
with time, thus the signal on the thermopile was chaotic.
A custom made integrating sphere was used to integrate over the beam’s spatial profile. A two
inch sphere was machined out of a stainless steel block. The inner surface was bead blasted to make
the surface nearly Lambertian. Gold was electro plated onto the bead blasted surface to enhance
mid-IR reflectivity. The integrating sphere solved the thermopile signal issue and the signal from
the small thermopile matched the signal of a large thermopile. A simple reflective diffuser may
work as well.

3.4

Modulation of the CO2 Power

Figure 3.1 shows the optical setup for external modulation. For the internal modulation, the setup is
the same but the WGP and first thermopile are removed. About 0.5% of the laser power is picked
off by an AR-coated ZnSe window (Thorlabs WW71050-E3) and sent to the integrating sphere
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Figure 3.2: The raw CO2 laser power (solid black) and the stabilized output using direct modulation
(top) and a wire-grid polarizer (bottom) of a Synrad Evolution 100. The direct modulation was
taken after the raw output instability was measured (two 180s runs). The WGP method used two
different thermopiles to measure the instability and stabilized beam on a single 180s run.

and thermopile. Both thermopiles were connected to a data acquisition device (NI USB-6341) and
monitored using LabVIEW.
Figure 3.2 shows the instability of a CO2 laser (solid black line). At t = 0 s, the laser is turned
on to 35% or 40% duty cycle and left alone for 180 seconds. At t = 180 s the laser is turned off. Top
graph shows the direct modulation of the CO2 beam. The bottom graph shows the WGP method.
Both show that these are viable methods as keeping the stability of the laser to 0.3%. The limiting
factor is simply the noise of the thermopile. A better detector would improve stability further.
There are many causes for laser power fluctuations, including pump power variation, mechanical vibrations and resonator cavity thermal expansion. The large power fluctuations for the CO2
laser shown in Figure 3.2 are due to cavity thermal expansion as the laser warms up after the RF
pump power is turned on. At the typical operating gas pressure of 100 Torr, the pressure broadened
gain bandwidth for a CO2 molecular rotation-vibration laser transition is about 750 MHz. For a
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1 m laser cavity the longitudinal mode spacing is 150 MHz, and several resonator modes will fall
within the narrow CO2 laser gain band. Mode competition in such a homogeneously broadened
gain medium tries to enforce single longitudinal mode operation, but spatial hole burning allows
two or more lasing modes to coexist. Thermal expansion of the resonator causes the mode frequencies to sweep across the gain curve, and the extracted power varies as the gain for each lasing
mode varies as it moves across the gain curve. The periodicity of the resonator modes results in
periodic power fluctuation due to mode sweeping, which slows down as the rate of change of cavity
temperature and length decreases.
Laser predominantly has TEM00 mode output (M 2 = 1.2). Small admixture of another transverse mode can also vary with mode sweeping. This may account for the excess signal variation
seen by the fast thermopile without the integrating sphere.

3.4.1

Direct Modulation

For direct modulation the duty cycle is varied according to the integrating sphere and fast thermopile signal. LabVIEW code was written with a proportional–integral–derivative (PID) algorithm to send a 0-10 V signal to the laser controller (Synrad UC2000).
The red line in figure 3.2 shows the result of direct modulation of the CO2 . At t = 0 s the
set point was set to 60W, then at t = 180 s the set point was changed to 0W. The fluctuations are
reduced from ±2.5% to ±0.3%.

3.4.2

External Modulation by Polarization

To stabilize the power density of the laser at the region of interest a wire-grid polarizer (WGP)
(Edmund Optics #62-772) is deployed to externally modulate the power of the laser output. The
WGP is mounted on a motorized rotation stage (Thorlabs PRM1Z8). It is important to note that
the motorized rotation stage from Thorlabs did not meet the specifications as cited, as the rotation
stage required nearly double the specified voltage in order to start rotational movement. Upon
disassembly of the rotation stage, it was found the high starting torque was due to binding caused
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by the central retaining nut being over-tightened by the manufacturer. Corrective measures were
to lubricate and polish contact surfaces, and properly torque the retaining nut. Once corrected, 6
volts could be used to both start and drive rotation - Bringing the unit to within expected specifications. The WGP reflects a portion of the laser beam into a beam dump depending on the angle
of the polarizer relative to the polarization of the beam. A LabVIEW code with a PID algorithm
was written to keep the integrating sphere and small thermopile signal constant by sending the
motorized rotation stage a varying duty cycle which varied the rotation speed of the WGP.
The bottom of Figure 3.2 shows the integrating sphere and small thermopile signal of the CO2
laser power with WGP stabilization (solid red line). The solid black line is the large thermopile
signal. At t = 0 s the set point was set to 50 W. At around t = 150 s the laser was turned off. The
fluctuations are reduced from ±2.5% to ±0.3%.

3.5

Conclusion

Two methods were used to stabilize the power of a CO2 laser: a direct modulation of the duty
cycle and external modulation by polarization. The direct modulation is the simplest and most
direct method, however the radio frequency oscillations of the CO2 laser beam will still be present
if the duty cycle frequency is not high enough. External modulation by a wire-grid polarizer is a
viable method for low power densities (< 50 W/cm). Both methods keep the fluctuations within
the noise of the detector used ( 0.3 W). Further improvements in stabilization is possible by using
a detector with less noise.
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Chapter 4 On-Axis CO2 Laser Heating for in-situ X-ray Absorption at 16-BM-D at the
Advanced Photon Source

Abstract
We present a portable, on-axis in situ CO2 laser heating system, for radial in situ x-ray absorption
studies at 16-BM-D, HPCAT at the Advanced Photon Source. The system is chromatic aberration
free in temperature measurements, due to using the peak-scaling method developed by Kavner et.
al. [8, 9] and mode scrambling of the input signal. Laser power stabilization is established using
an electronic feedback, providing a steady state over the measurement timescales. Examples of in
situ high pressure-temperature EXAFS measurements of ZrO2 are presented as an example of this
new capability.

4.1

Introduction

The ability to access a vast region of the pressure-temperature landscape using energy density tuning enables exotic states of matter to be probed. A well documented method for such exploration,
under static conditions, is the laser-heated diamond anvil cell (LH-DAC), utilizing a combination
of high pressure (>300 GPa) and high temperature (>5000 K). Combining the LH-DAC with in
situ synchrotron techniques utilizes characterization methods to measure structural and electronic
responses at these extreme conditions. A specific method that enables a direct probing of both
parameters is X-ray absorption spectroscopy (XAS). Here we present an on-axis CO2 laser heating
system for the DAC at Argonne National Laboratory Advanced Photon Source (APS) 16-BM-D,
for simultaneous radial synchrotron XAS measurements, along with 2 dimensional peak scaling
temperature measurements and optical pyrometry in the near-IR . The dedicated high-pressure
beamline 16-BM-D utilizes a bending magnet with typical flux of ∼ 5 × 108 photons/s at 30 keV
and is based on scanning energy geometry permitting for high(er) resolution XAS measurements.
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[102]. The beamline is capable of micro-X-ray diffraction (XRD) (5µm × 5µm FWHM) and XAS
studies. [102]
For materials of atomic species with significant differences in atomic number, the sensitivity
of XRD for a full structural determination becomes limited in favor of the heavier atomic species,
since the scattering power of X-rays is proportional to the atomic number squared (Z 2 ). XAS, with
the synchrotron photon energy tuned to an absorbing edge of the heavier atomic species, gives information about the local environment of the atom. X-ray absorption near edge structure (XANES)
can give information about the electronic states surrounding the absorbing atom. Extended X-ray
absorption fine structure (EXAFS) has the ability to probe the nearest neighbors of the absorbing
atom with a 1/r2 sensitivity. Thus EXAFS offers a powerful, complementary tool to XRD to reveal information about the location of smaller atomic species surrounding larger atomic species
that would otherwise be invisible to XRD. We have demonstrated the use of the very sensitive
EXAFS probe on Sn3 N4 and SnO2 at high pressures. [103, 104]
The utilization of high temperature pathways, at high densities, allows for kinetic barriers to
be overcome, accessing ground state configurations. The high temperature regime is also ideal for
annealing the inevitable increasing anisotropic stress present in high pressure experiments, especially as you deviate from the quasi-hydrostatic limit of even the most ideal pressure transmitting
medium. A more common approach to laser heating techniques for DAC experiments utilizes
solid state lasers, lasing around 1 µm, for direct absorption with metallic and narrow-band gap
semiconductors, through an inverse-Bremsstrahlung process. [105] Alternatively, the use of CO2
gas lasers, lasing at an order of magnitude longer wavelengths around 10 micron, permits direct
coupling with many insulating materials. The direct absorption in solids at these photon energies
occurs through typical infrared absorption in solids through anharmonic polariton-phonon scattering processes [6, 2]. We have recently highlighted the application of a CO2 laser heating technique
specifically for in situ angular dispersive x-ray diffraction measurements for a number of studies
at 16 ID-B, APS.[106]
We present a portable CO2 laser-heating system, specific for a large-scale facility beamline,
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Figure 4.1: Diagram of the optical layout of the CO2 laser heating system at 16 BM-D. See section
II for details. (a) ZnSe AR-coated wedge window. (b) 75 mm ZnSe lens focused into an integrating
sphere and thermopile. (c) electronic beam dump. (d) beam expander. (e) 2 inch Germanium
window. (f) MgF2 window. (g) 92:8 pellicle. (h) 16 mm aspheric lens and 1 mm fiber. (i) field
lens. (j) 50:50 beamsplitter, 700 nm band pass, and 150 mm biconvex lens. (k) Peak scaling camera
(Point Grey FL3-U3-32S2C). (l) 647 nm band pass and 100 mm biconvex lens. (m) Visualization
camera (WATEC LCL-211H). (n) mode scrambler.
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that is the first to be on on-axis, relative to the compression axis of the diamonds in the DAC. The
design takes advantage of the radial measurements through a (partial)-transparent beryllium gasket
for XAS measurements. Previous CO2 laser-heating setups have typically been arranged with the
laser delivery in an off-axis geometry, with in situ synchrotron measurements conducted axially
through the DAC [106, 30]
The challenges in mid-IR laser delivery geometry arise mainly from issues dealing with the
strong absorption of such photon energies by glasses, ceramics and having very high reflectively
in metals. Furthermore, the absorption of 10.6 µm radiation is highly dependant on the vibrational
states in a given material and as a result absorption efficiency is highly dependant on a given
absorption length. This results in different samples, based not just on composition and structure but
also macroporosity, defined by sample preparation, which often leads to very different absorption
efficiencies for CO2 laser heating. Such differences in photon-sample interactions, especially when
operating at high powers at the order of several 100 W, requires capturing the transmitted nonabsorbed diverging laser light travelling through the sample and DAC, and any reflected light from
the table of the front-end diamond.
Our own designs for various off-axis geometry CO2 systems at large-scale facilities, as well as
several in-house table-top versions, require the laser to be delivered using a long focusing ZnSe
lens and due to geometry constraints requires a wide enough aperture on the diamond backing
plates (often preventing the convenient use of non-conical diamonds). Some type of a long working distance objective is required for pyrometry measurements and imaging, thus this reduces the
numerical aperture of the collection optics, and therefore the amount of light collected for diagnostics. Furthermore, the focused laser beam spot will be distorted and elongated in the off-axis
geometry, if not truly TEM00 or single mode (as is often the case) reducing power density and
reducing uniformity of heating.
In practice, the off-axis geometry proves to be cumbersome when aligning the position of the
focused CO2 laser beam with the sample. Due to the high refractive index of the diamond (n=2.4),
the path of the CO2 beam is displaced by as much as 250 microns at the sample. Thus the insertion
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of a new DAC (or even the re-insertion of the same DAC removed from the line of focus) typically
requires extensive realignment of the beam and optics due to the strict geometric conditions as a
consequence of the refractive index.
Additionally, visualizing the CO2 beam spot is very difficult as the 10.6 micron radiation is
invisible to the eye and traditional imaging cameras. The ten micron radiation is invisible to most
variants of semiconductor based detectors (i.e. CCD’s, InGaAs, InSb etc.). Mid infrared (MIR)
cameras sensitive to this range (8-14 µm) typically employ microbolometers as pixels as a costeffective solution. Thus these cameras are highly sensitive to the high powers of the CO2 laser, and
burning the pixels of these infrared cameras is commonplace with CO2 lasers. Semiconductors can
be used, such as HgCdTe. HgCdTe has a tunable bandgap depending on the amount of Cadmium
in the Zincblende structure (replacing Hg) [94, 95], but requires liquid nitrogen temperatures to
measure MIR, as well as having a much higher cost than the microbolometer cameras. [74] The
difficulty of alignment due to lack of visualization and going off-axis with the CO2 beam is arguably the main obstacle for making a CO2 laser technique a user friendly user-system at a large
scale facility.
The ability to have on-axis CO2 laser delivery would alleviate these problems and is a necessary
step towards a CO2 laser heating user-system at a large scale facility. An example of the success
of an on-axis laser heating user-system is at APS 16-ID-B. A Ytterbium fiber laser heating system
is currently on-axis at 16-ID-B and has seen much success with many users [107]. A properly
aligned on-axis system only requires the user to move the laser to the sample location by means of
a fiducial mark on the sample visualization screen.

4.2

System Layout

The CO2 laser heating system consists of: power stabilization of the laser power, an on-axis geometry for laser beam delivery, and peak scaling for temperature measurements. A schematic of
the optical setup is shown in figure 4.1, as well as a SOLIDWORKS drawing of the full system
mounted in 16-BM-D in figure 4.2. The system consists of three levels in order to conserve space
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Figure 4.2: SOLIDWORKS drawing of the CO2 laser heating system.
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inside the hutch.
1. The first level contains a Synrad Firestar t60 CO2 laser, with the laser beam being delivered
to the next level.
2. The second level contains the laser delivery portion and the collection optics. The second
level is on plane with the DAC and x-ray beam.
3. The third level contains the visible optical path for pyrometry using peak scaling and visualization.
Both the laser and the collection/imaging cameras are all focused onto a global position (sample
inside DAC). The entire system is placed on a motorized stage, such that the system can be translated to guide the laser and collection optics onto the sample. The DAC and sample are aligned to
the x-ray beam path and then the entire system is aligned to the sample.
4.2.1

CO2 Laser Path

The CO2 laser path is first sent up to the second level from the first level. The polarization of the
laser is initially vertically polarized relative to the plane of the table on the first level. After the
first three gold mirrors (two on the first level and one on the second level) the CO2 beam is then
horizontally polarized on the second level. This horizontal polarization enables us to pass the CO2
beam through the optical surfaces of the germanium window close to Brewster’s angle (76◦ for
Ge). This assists in minimizing unwanted reflections from the uncoated surfaces of the germanium
window.
For reliable temperature measurements, laser power stability is crucial. Direct modulation of
the CO2 beam was implemented to keep the laser power on the sample constant.[108] In the beam
path is an anti-reflection (AR) coated ZnSe wedge window, which is used to pick off <0.5% of the
beam. This small fraction of the beam is sent to a 75mm ZnSe lens which focuses the laser into
an integrating sphere and a small thermopile power meter. A feedback loop is employed, using
LabVIEW, to keep the power relatively constant by varying the duty cycle of the current across the
45

laser tube at 20 kHz[108]. An opto-isolator was added between the laser controller and National
Instruments Data Aquisition Device (DAQ). This prevented large electrical noise traveling from
the laser controller to the DAQ and contaminating any thermopile signals.
After the ZnSe wedge window, a electonic beam dump was installed. The beam dump consisted
of a gold mirror on a motorized flip mount, which enabled us to dump the beam remotely from
outside of the hutch.
After the beam dump, we installed a variable beam expander in order to change the focal plane
of the CO2 beam (at the sample) so that it is confocal with the visual image of the sample. The
focal plane of the CO2 beam, at the sample, is controlled by translating the first lens on a translation
stage. The CO2 beam is beam expanded ∼2 fold by using an AR coated 25mm lens and 50mm
lens. In practice, we found this beam expansion was necessary to allow sufficient power density to
be delivered to the sample for high temperature measurements, since we elected to utilize a CO2
laser with a max power of 60 watts.
After the beam expander, a 2-inch wide uncoated germanium window is used as a beamsplitter
(see section 4.3.1 for details). After the CO2 beam is transmitted through the Ge window, the
beam is then passed through the objective which is focused onto the sample. An AR coated ZnSe
aspheric lens with a 1 inch focal length is used as the objective. The same objective both transmits
CO2 laser light and collects visible/NIR light for pyrometry and visualization (see section 4.3 for
details).

4.2.2

Optical Collection Path

The optical collection path is shown in Figure 4.1. Light from the sample is collected through the
ZnSe objective, which is then reflected off the Ge beamsplitter. A MgF2 window is used to absorb
any stray 10 micron radiation. A pellicle beamsplitter splits the light to transmit 92% of the light
to a spectrometer, and reflects 8% to a field lens and three mirrors that send the optical path to the
third level. The objective is finitely conjugated such that an image of the sample is formed ∼50mm
after the pellicle. A 175 mm field lens was chosen from the ray trace and was placed at the image
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plane in order to get rid of any vignetting of the image at the detector.
On the third level, a 50:50 beamsplitter is then used to send half the signal to the peak scaling
camera (Point Grey FL3-U3-32S2C) and the other half to a visualization camera (WATEC LCL211H). A 700 nm bandpass (±10 nm) is used for the peak scaling camera, and a 647 nm bandpass
for the visualization camera. A 150 mm biconvex lens was used for the peak scaling camera
yielding a ∼7X magnification from the sample. A 100 mm biconvex lens was used for visualization
yielding a ∼5X magnification.
Back on the second level after the pellicle, the 92% transmitted light goes to a 16 mm aspheric
condenser lens which focuses on a 1000 µm fiber. ND filters were placed before the aspheric lens
as needed. The fiber was carefully aligned to the lens by visualizing the face of the fiber through
the aspheric lens and an XY stage on the fiber mount. The fiber had a series of bends (∼2 cm
radius) to scramble the optical modes within the fiber for a more homogeneous output. The fiber
was then fed into an Ocean Optics Flame NIR InGaAs spectrometer with a 100 µm slit. The 100
µm slit gives a ∼13 nm resolution for the given spectrometer. With a 128 pixel InGaAs strip and
a 700 nm spectral range, this leads to 56 effective spectral points.

4.3

Instrumentation Discussion

4.3.1

On-axis CO2 Laser Heating

Since on-axis geometry requires an objective that can both transmit 10 micron light and collect
visible/NIR light, the implementation of a beamsplitter that transmits the CO2 laser line while
reflecting the visible and thermal emission light is necessary in order for both optical paths to be
co-linear. Germanium is transparent to 10.6 micron and is reflective in the visible (44% at 64◦ 700
nm unpolarized see figure 4.3). Thus it is an appropriate choice as a material for a beamsplitter
for on-axis geometry. Figure 4.3 shows the reflectance of germanium from the visible to the near
infrared.
Germanium has an index of refraction of 4.0, thus the Fresnel reflections of both surfaces of
the window are significant. To reduce this we attempted to angle the window at Brewster’s angle,
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Figure 4.3: Calculated Reflectance as a function of wavelength off a Germanium surface using
Fresnel’s equations at 64 ◦ . The index of refraction values were taken from Nunley et al. [109]
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which is 76◦ for germanium. This proved to be too steep of an angle, as it would be the limiting
aperture in our optical collection path. As a compromise, we chose 64◦ which gave a horizontal
profile of 0.88 inches for a 2 inch window. 64◦ results in a ∼8% reflection loss of horizontal
polarized 10 micron light per surface. This yields ∼15% loss of laser light after both surfaces
of the Ge window. Future designs should include an AR coated Ge window to minimize laser
loss and geometry constraints. The visible reflections off an AR coated surface would need to be
considered.
An objective is needed that is capable of handling the high powers of the ten micron radiation
and the visible light for diagnostics. ZnSe lens are typically used for CO2 lasers. ZnSe chromatic
aberrations in the visible are severe as ZnSe absorbs in the blue beginning around 600 nm. Figure
4.4 shows the measured transmission spectrum of ZnSe window that is uncoated and a transmission
spectra of an AR coated ZnSe lens (AR coated for 10 micron light). Our imaging is collected at 700
nm for the peak scaling and 647 nm for imaging. From our ray tracing we decided to collect the
black body emission in the NIR, at 1000 µm to 1600 µm, as this yielded less chromatic aberrations
which led to a smaller geometric spot size (as calculated by the ray trace). This enabled us to ensure
that the entire sample chamber was imaged onto the face of the fiber.
The ZnSe objective was AR coated for 10.6 micron radiation (8-12µm). This has an interference effect in the visible range on the transmission profile through the lens (see figure 4.4).
Transmission lighting used a tungsten white light with a 647 nm bandpass in front of the visualization camera. Reflection lighting had too much glare from the ZnSe lens AR coating to be used.
It may be possible to add reflection lighting in front of the ZnSe lens to avoid glare of the lens.
The index of refraction of ZnSe changes from ∼2.6 in the visible to 2.395 at 10.6 micron [110].
Thus the focus of the CO2 beam is not confocal with the visual field (measured focal difference
of ∼2.6mm for a 1 inch ZnSe lens). Either a tuneable beam expander or special collection optics
is needed to bring the CO2 focus to the same focal plane as the collection optics. A 2X beam
expander was installed.
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Figure 4.4: Measured transmission through an uncoated ZnSe window and an AR coated ZnSe
lens. Transmission spectra were normalized to a transmission spectra without the ZnSe optics.
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4.3.2

Peak Scaling for Temperature Measurements

The peak-scaling method was proposed by Kavner, Nugent, and Rainey. [9, 111, 112, 8] Peak scaling has also seen success in other laser-heating systems. [113] Typical pyrometry systems involve
spatial filters that collect thermal emission from the sample from a finite region of interest on the
sample. This can lead to issues of chromatic aberrations yielding inaccurate temperature measurements. [114, 115, 112] In contrast, the peak-scaling method collects the entire hot spot’s thermal
emission and sends it to the spectrometer. The spatially averaged thermal emission spectrum is then
an average of all thermal emission spectra from each location of the sample. A monochromatic
imaging camera is used to image the hot spot in monochromatic light (700 nm for this work). The
image of the hot spot gives information about the distribution of the temperature on the sample,
and therefore information about the distribution of spectra averaged over in the collected hot spot
spectrum. In order to convert from pixel intensity in number of counts (from the hot spot image)
to a two-dimensional map of temperature, a program will simulate a summed black body emission
given the distribution of intensities of the hot spot image. An iterative fitting procedure will then
scale the apparent temperatures of all pixels until the simulated black body emission matches the
thermal emission measured.
Since the image is monochromatic and the entire hot spot is carefully sent to the spectrometer,
chromatic aberrations have no effect on the resulting spectra. A full ray trace of the optical collection path was done in order to ensure that the optics focused the entire region of interest into
the fiber. Since the ZnSe has a large dispersion in the visible, a smaller spot diagram geometric
radius was found at the face of the fiber from the ray trace when using light from 1000 µm and
1600 µm (<200 µm geometric radius with a ±100 µm field). A one millimeter fiber was used to
ensure that all light from the region of interest is collected. The magnification from the sample to
the face of the fiber is ∼0.8X, therefore our effective collection area (1 mm diameter) is larger than
our sample image plus aberrations at the fiber (∼400 µm).
In past versions of this laser-heating system, we attempted using smaller fibers as well as the
use of integrating spheres to scramble any spherical and chromatic aberrations. The integrating
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spheres proved to have too low of a throughput to be useful for pyrometry. When a smaller fiber
was used a very strong sample spatial dependence on the spectra was observed due to aberrations
not entering the fiber. By translating a 20 µm pinhole (with white light behind the pinhole) at the
sample position, strong spectral variations are observed when too small of a fiber is used. This
is predicted perfectly from the ray trace as aberrations at the face of the fiber will yield different
efficiencies of spectral transmission into the fiber. Adding a large fiber (1 mm) yielded no such
sample spatial dependence in the region of interest.
The transfer function was done using a calibrated bulb behind a 50 µm pinhole. This bulb and
pinhole combo was cross calibrated with a NIST traceable bulb on a separate optical system.
With a large fiber (1 mm) coupled to a spectrometer with a slit of 100 µm aberrations may still
have an effect, even if all the light enters the fiber. This is due to the fact that optical fibers can still
preserved the modes of light entering the fiber at the exit. To solve this we scrambled the modes of
the fiber to ensure that the output of the fiber is a homogeneous sum of the light entering the fiber.
The fiber was mode scrambled by adding a series of bends to the fiber (∼2 cm radius).
The ray trace of the peak scaling camera’s imaging path showed that both vignetting and spherical aberrations were issues. From the ray trace, switching from a plano-convex ZnSe lens to an
aspheric lens dramatically improved the spot diagram of the imaging cameras (581 µm to 57 µm
geometric radius). Irises were added in front of the camera’s focusing lens to reduce spherical
aberrations (57 µm to 12 µm geometric radius by reducing aperture stop to half-inch diameter). A
175 mm field lens was used to get rid of any vignetting of the image.
MATLAB code was written that scaled the image to fit to the average Planck curve as described
by the peak scaling method. This MATLAB code was incorporated into the LabVIEW interface
which automatically called MATLAB.

4.3.3

LabVIEW Interface

A picture of the graphical user interface of the LabVIEW code used to control the system is given
in figure 4.5. The LabVIEW code controls the spectrometer, CO2 laser power, peak scaling cam-
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Figure 4.5: Picture of the LabVIEW interface. The raw spectra collected from the spectrometer
is displayed in the top left. The raw spectra with the transfer function applied is displayed to the
right of that. At the bottom is the live feed from peak scaling camera. The red box is the region of
interest to take the peak scaling map from. On the right is the live feed of the integrating sphere
and thermopile sampling the CO2 laser beam power.

era, and beam dump. The analysis (transfer function, peak-scaling, black body fit) is done using
MATLAB automatically through LabVIEW. The entire system can be controlled remotely, outside
the hutch, using the LabVIEW interface and HPCAT’s EPICS system.

4.4

Case Study: Mapping the Phase Diagram of Zirconia Using in situ X-ray Spectroscopy

The kinetic energy barrier of a first order phase transition defines the high temperature pathway
necessary to access the energetically favorable ground state configuration. Pressure-induced structural transitions, at modest temperatures lying below the kinetic barrier, can therefore often be
sluggish as a result, with phase co-existence over a large pressure range, leading to a buildup of
anisotropic strain throughout the sample. [10, 116, 117, 118] The powerful method of combining high temperature with high pressure conditions, specifically the use of a diamond anvil cell
for accessing static pressures whilst utilizing a variety of different heating methods has been elegantly demonstrated by many others in the field of extreme conditions. We have also recently
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reported a dedicated CO2 laser heating system coupled with in situ angle-dispersive synchrotron
x-ray diffraction techniques. In that work we investigated ZrO2 and its phase evolution at high
pressure and temperature, as probed by XRD. The topic we aimed to develop in this work is using
synchrotron XAS; especially EXAFS at high pressure and high temperature, to probe the local
coordination sphere of the metal absorbing atom, measuring coordination number, oxidation state
and specifically monitoring anion positions.
As a test case for the system, we again chose zirconia. Zirconia at ambient conditions is in the
baddeleyite structure (P 21 /c). At ∼6 GPa zirconia transforms into a distorted fluorite structure
(P bca) [119]. At 12.5 GPa zirconia transforms into a cottunite-type (P nma) [120].
Custom built diamond anvil cells were used, along with Be gasket for radial geometry XAS
measurements. Samples of ZrO2 are specifically prepared by first sandwiching a sample of specific
dimensions in a NaCl pressure transmitting medium (PTM). The sample is 20 microns long, to
match its X-ray absorption length for the K-edge at 17995 eV, and approximately 15 microns thick
to have high absorption in the mid-IR at 10.6 microns and to ensure the 10 x 10 micron FHWM
of the x-ray beam at 16-BM-D is entirely within the sample profile. The Be gasket with an initial
thickness of 30 microns and a hole diameter of 150 microns is filled with the PTM and pressed
a few times. A hole is dug of similar dimensions to that of the ZrO2 sample, and the sample is
loaded. A salt lid is placed on top and the DAC is taken to a few GPa.
The sample is then laser heated at very low power to confirm sufficiently thermal insulation
from the diamonds to ensure controlled laser heating. The pressure is then released and the gasket
is removed with the sample and the PTM in place. A disk of sample between PTM is laser drilled
out [121] and replaced on the desired culet of a DAC. Now using a Be gasket, placed on the other
diamond, the sample is then gas loaded in argon.

4.4.1

High Temperature in situ XANES

Figure 4.6 shows the in-situ XAS spectra taken on Zirconia while CO2 laser heating at different
laser powers varying from 0 W to 40 W. The top of figure 4.6 is the raw x-ray absorption spectra
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(XAS) taken of Zirconia, the middle of figure 4.6 is the background subtracted XAS spectra in
wavenumber, and the bottom of figure 4.6 is the fourier transform of the same data into real space.
As we increase the laser power we qualitatively see a feature near 1 Å appear although the data
quality may not be high enough to ascertain. This figure simply represents a proof of concept of in
situ EXAFS while CO2 laser heating.
4.5

Conclusion

We have built a novel on-axis CO2 laser heating system for in-situ x-ray absorption measurements
at 16-BM-D at Argonne National Laboratory, Advanced Photon Source. Peak scaling method has
been implemented for temperature measurements. Laser power is stabilized using an integrating sphere and thermopile. A LabVIEW interface integrated with MATLAB controls the system
remotely outside the hutch.
Using a ZnSe lens as an objective for diagnostic optics is feasible. From the ray trace of the
system, the aspheric ZnSe lens has superior performance compared to a plano-convex lens with
respect to spherical aberrations. This improved resolution will yield better temperature maps from
the peak scaling method. Transmission lighting yields a good image of the sample for visualization.
The system is free from chromatic aberrations within the region of interest on the sample (∼200
µm diameter). This is done by ensuring all light from the sample enters the fiber, and the fiber was
mode scrambled to create a homogeneous sum of the light at the output.
This study is the first in-situ CO2 laser heated EXAFS measurement that we know of. In-situ
EXAFS measurement of ZrO2 at high temperature was made.
Acknowledgements
This research was sponsored in part by the National Nuclear Security Administration under the
Stewardship Science Academic Alliances program through DOE Cooperative Agreement #DENA0001982. Portions of this work were performed at HPCAT (Sector 16), Advanced Photon
Source (APS), Argonne National Laboratory. C.P. and J.S.S. acknowledge the support of DOE55

6

0W
5W
10W
15W
20W
25W
30W
35W
40W

5

xµ(E)

4
3
2
1
0
-1

18000

18200

18400

Energy

18600

(eV)

18800

12

0W
5W
10W
15W
20W
25W
30W
35W
40W

k2 χ(k)

(A-2)

10
8
6
4
2
0
-2

0

2

4

6

8

10

Wavenumber

(Å-1)

12

14

16

10

0W
5W
10W
15W
20W
25W
30W
35W
40W

9

|χ(R)|

(A-3)

8
7
6
5
4
3
2
1
0

0

1

2

3

4

Radial distance

5

6

(Å)
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the background subtracted, and bottom is the real space fourier transform.
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Chapter 5 The Clausius-Clapeyron Slope of the Fluorite to Cotunnite Structural
Transition in CeO2

Abstract
The high pressure-temperature chemical stability and structural evolution of CeO2 is investigated
using in situ spectroscopic techniques, coupled with laser heating in the diamond anvil cell. Here
we report the Classius-Clapeyron slope of the fluorite to cotunnite phase transition of CeO2 using
in situ Raman scattering for phase and temperature determination. The slope

dT
dP

is -36(4) K/GP a.

From this slope we get an estimate of the change in entropy as ∆S ◦ = 40(5) J/K/mol.

5.1

Introduction

The technological relevance and applications of Ceria, CeO2 , are widespread, used in solid oxide
fuel cells, [122, 123] catalytic oxidation reactions,[124] and microelectronic applications. [125]
Ceria transforms into solid superionic conducting state, where the oxygen anions become unbound
relative to the fixed cerium framework, at 2400 K, [126, 127, 128] that then continues to the melt
at ∼2675 K to 2743 K, as tailored by the atmospheric oxygen environment.[129] A high susceptibility to oxygen vacancies and deviations away from a metal:anion stoichiometry of 2:1 lead to
a high ionic conductivity [130, 131, 132, 133] rising from either radiative or non-radiative photoluminescent defects. [134, 135, 136]. Spectroscopic techniques like Raman scattering provide a
powerful probe to characterize such types of defects in materials like ceria. [137, 138, 139]
There are a number of examples of metal difluoride compounds in the cubic fluorite (F m3̄m
225) structure: BaF2 , CaF2 ,CdF2 , EuF2 , SrF2 , MnF2 , and PbF2 , that undergo a structural transformation into the orthorhombic cotunnite structure type (PbCl2 ; P nma) under high pressure conditions. [140] A series of metal dioxide compounds are also accessed as cotunnite structured high
density phases under high pressure, including HfO2 ,[140, 141, 122], ZrO2 , [142], PrO2 , [143],
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and ThO2 [144, 145]. Under high pressure conditions, along a 300 K isotherm, ceria is known
to undergo a sluggish, kinetically hindered structural phase transition from fluorite to cotunnite
starting around 35 GPa and persisting until 75 GPa.[146, 147, 123, 140, 148, 149, 143, 150, 151]
Although there have been several studies on this progression, very few studies have combined high
temperature and high pressure techniques. The most recent study is by Jacobsen et al.[152] who
studied ceria up to 300◦ C using ohmic heating in a DAC. Liu[153] YAG laser-heated ceria (with
graphite mixed in for absorption) at 20 GPa and saw the emergence of two small peaks but did not
have phase identification. We present a study of ceria at high pressure and temperature using CO2
laser heating. Using Raman spectroscopy as an in situ probe we were able to map the high pressure
and high temperature phase boundary of the fluorite to cotunnite phase boundary up to ∼1100 K
and 28 GPa. The slope is negative and matches other data from other works such as Jacobsen et
al.[152].

5.2

Methods

A total of four high pressure-temperature DAC loadings were prepared for this study. Table 5.1
shows a summary of the DAC loadings done. A loading was prepared for radial XAS measurements, using a Be gasket, and was laser-heated at the dedicated high pressure beamline HPCAT
16-BMD.[154] The remaining DAC loadings were prepared using Re gasket material and using
a combination of simultaneous Raman spectroscopy and CO2 laser-heating. Ceria was purchased
from Sigma Aldrich (99.995%).
Laser-heating was done using a CO2 laser to directly couple to the phonon modes of the lattice.
[6, 2] At HPCAT 16-BM-D, the laser-heating system used in the first loading is described in chapter
4. [154] For both experiments at 16-BM-D and UNLV, power stabilization of the CO2 laser beam
power was achieved by directly modulating the duty cycle of the current supplied across the laser
cavity tube.[108] A fast thermopile (<100ms) was used to measure the beam power. Details on
power stabilization are given in chapter 3.
Increasing the CO2 laser power by one to five watt increments, Raman spectra was collected in
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Loading

Gasket

PTM

Diagnostics

1

Be

NaCl

2

Re

KBr

3

Re

KBr

XRD;
Raman decompression
Raman;
Raman map;
XRD map
Raman

4

Re

CsI

Raman

Measured (P,T) of
phase boundary
Not measured

(P,T) of back
transformation

(20.9 GPa, 706 K);
(27.9 GPa, 534 K);
(18.4 GPa, 945 K)
(14.2 GPa, 1004 K);
(15.4 GPa, 955 K)
(22.3 GPa, 697 K)

(4.5 GPa, 468 K)

(9.5 GPa, 746 K)
(8.9 GPa, 746 K)

Table 5.1: Table of the four loadings done on ceria as described in experiment section 5.3.

situ with a ∼200 mW 476.5 nm Argon ion laser. The temperature of the sample is obtained from
the relative intensities of the Stokes and anti-Stokes peaks. The argon ion laser beam is focused to
a smaller diameter (∼40 microns) than the defocused CO2 beam diameter (∼100 microns) on the
sample.
A negative Clausius-Clapeyron slope is expected for the fluorite-cotunnite phase boundary
since across the phase boundary the volume decreases and the symmetry of the space group lowers
(see section 5.4.1). The range of temperatures expected for probing such a transition (<1100 K)
makes temperature determination through optical pyrometry infeasible. Additionally, CeO2 is inherently sensitive to the synthesis and crystallization, defining the concentration of stoichiometric
and structural defects in the material [130]. This high susceptibility to subtle changes in the electronic band structure leads to an effective optical bandgap of ∼3.5 eV [137, 130] (single crystal
should have a 6 eV bandgap [130]). Therefore the emissivity in the visible should have a wavelength dependence in this region, which further complicates optical pyrometry. Fortunately, the
fluorite phase has a triply degenerate Raman mode T2g at 464 cm−1 that can be tracked in situ and
can be used to determine temperature.
Temperature from Raman scattering measurements can be obtained from the ratio of the inten-
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sities of the anti-Stokes and Stokes peak. Long[155] gives the following equation:


Ias
ν¯0 + ν¯k 4
hcν¯k
≡R=(
) exp −
Is
ν¯0 − ν¯k
kT

(5.1)

where Ias and Is are the intensities of the anti-Stokes and Stokes peak, ν¯0 is the absolute wavenumber of the excitation laser, ν¯k is the wavenumber of the peak indexed by k, and T is the temperature.
Rearranging the equation gives:
T =

C2
ln

C1
R



(5.2)

ν¯k 4
) and C2 ≡ hcν¯k /k. This equation gives the ratio of intensities as the intensiwhere C1 ≡ ( νν¯¯00 +
−ν¯k

ties are measured in power (not photon counting). The photon counting equation has the prefactor
to the power of three rather than the power of four.[156] Since we apply a transfer function to
obtain the power intensities, we use the above stated equation with the prefactor to the power of
four.
Additionally, the intensities of both the Stokes and the anti-Stokes peaks will be multiplied by
a degeneracy factor if there is degenerate modes. Since we are measuring the T2g mode of the
fluorite phase of ceria, it is triply degenerate, however this degenerate factor is canceled out in the
ratio of intensities.[155]
To accurately measure the intensities of the Raman peaks, a transfer function was applied to all
of the Raman spectra data. The transfer function was obtained by using a calibrated NIST traceable
bulb operating at a fixed distance from the focal point of the optical system (3155 K at 6.5 A). A
50 micron diameter pinhole was placed at the focal point of the system when taking the bulb’s
spectra.
All ex-situ Raman spectra were taken on a separate Raman system at 532 nm and with volumeBragg grating notch filters.
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Figure 5.1: Rietveld Refinement of the ceria sample after laser-heating above 2000 K at 15 GPa.
The sample is mixed phase between cotunnite and fluorite, however cotunnite is a very good fit to
the XRD data.
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5.3

Experiment

For the laser heating run at HPCAT, ceria was laser heated at 15 GPa on the beamline using our
dedicated heating system presented in chapter 4. The sample was heated at different steps in laser
power until thermal emission was observed on the CCD detector, with a sensitivity below 950 nm.
We measured a temperature of >2000 K using pyrometry and peak scaling as described in chapter
4. An angular dispersive x-ray diffraction (XRD) pattern at 30 keV was taken while scanned across
the entire sample and rocked ±5 degrees. The XRD showed that we formed the cotunnite phase
predicted by Kourouklis et al.[146] and shown by Duclos et al.[140] and many others [147, 123,
148, 149, 143, 150, 151] (see figure 5.1). Due to the well known Z 2 dependence on the scattering
power of XRD, simulations of cottunite XRD patterns showed that the oxygen positions are not
well represented in the XRD pattern. Thus the XRD only shows that the sample is cotunnite with
respect to the cerium positions. The sample was mixed phase, so although we were at a beamline
capable of EXAFS, the XAS data set was therefore not quantifiable.
On decompression of the first loading, Raman spectra were taken, at UNLV, of the cotunnite
phase as a function of pressure (figure 5.2). There is no known equation of state for this high
pressure phase of cotunnite, therefore no mode Gruneisen parameter can be extracted. Although
Jacobsen et al.[152] took high pressure XRD data of cotunnite ceria, the table that lists different
EOS parameters are NOT labeled. However we can give the

∂ ln ν̄
∂ ln P

for these modes (see table 5.2).

Although, upon room temperature decompression we saw the fluorite spectra get more intense as
the cotunnite spectra diminished, we were able to recover some of the cotunnite phase to ambient
pressure and temperature, just as Dogra et al.[151] was able to recover some of the same cotunnite
phase. Kourouklis et al.[146] was only able to recover to ∼11 GPa, and Rekhi et al.[147] only
1.8(5) GPa.
The second loading of ceria was done with a Re gasket, 250 micron culets, and KBr PTM. KBr
was chosen for it’s high melting temperature.[157] At 20.9(1.0) GPa (diamond phonon) we heated
with the CO2 laser heating system at UNLV described in chapter 1. in situ Raman was taken as
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Figure 5.2: Peaks of the cotunnite phase taken upon decompression to ambient. The cotunnite
phase was recoverable to ambient. The gold pentagons are the fluorite T2g peak.
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This work
Phase
cottunite
cottunite
cottunite
cottunite
cottunite
cottunite
cottunite
cottunite
cottunite
fluorite
cottunite
cottunite

ν̄0
(cm−1 )
102.6(2)
119.3(2)
178.2(3)
207.3(5)
279.1(3)
305.0(2)
343.4(3)
424.0(4)
455(2)
465.0(4)
484.7(9)
544(3)

dν̄
dP
−1

(cm /GP a)
0.84(2)
1.02(2)
0.98(3)
1.64(5)
2.23(4)
1.82(3)
1.58(4)
2.85(5)
2.1(2)
3.31(5)
2.8(1)
4.0(3)

Kourouklis et al.[146]
dν̄
ν̄
dP
(cm−1 )
(cm−1 /GP a)
125
183

0.73
0.71

277
291
344
421

2.44
2.76
1.5
3

468

2.91

Table 5.2: Both cottunite and fluorite response of their modes. The 465 cm−1 peak is the T2g mode
of the fluorite structure. Linear fits to the modes showed an oscillatory nature of the data. Thus
these values should be taken as a first approximation. The error bars reported are the errors of
dν̄
the intercept(ν̄0 ) and slope( dP
) from a least squares regression linear fit. The discrepancy between
values can be explained by difference in pressure fits, as Kourouklis et al. had data only from 10
GPa on up and this work has data all the way to ambient.
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Figure 5.3: Measured Classius-Clapeyron slope of ceria phase boundary between fluorite and cotunnite. The hollow shapes represent other works. Hollow diamond Wang et al.[148], hollow
square Rekhi et al.[147], hollow down triangle Liu et al.[149], hollow up triangle Kourouklis et
al.[146], hollow right triangleGerward et al.[150], hollow left triangleDogra et al.[151], and hollow hexagon Duclos et al.[140]
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described earlier (section 5.2). The sample was heated until the transformation from fluorite to
cotunnite was observed. During heating it was observed that once the transformation occurred
the coupling efficiency of the sample to the 10 micron light of the CO2 laser discontinuously
increased, which caused the sample to shoot up in temperature (in excess of >2000 K). The last
temperature datum measured before the discontinuous jump is at 706(8) K and 20.9(1.0) GPa. For
this specific measurement we expected a lower value than usual, since the CO2 laser beam was
slightly misaligned to the argon ion laser beam at this datum point. Thus a region neighboring
the region sampled went up to above 2000 K before the region, sampled by the argon ion laser
beam, transformed. Therefore, the last measured temperature at the sampled region is less than the
temperature of the laser-heated region before transformation, therefore in figure 5.3 the measured
point has a large upper error bar to account for this. To remedy this error in later runs, all future
laser-heatings involved tuning the CO2 laser beam position on the sample to the argon ion beam.
This alignment was done by having the CO2 laser beam at a modest power (5-15 W) and setting
the Raman spectrometer to show a live feed of the anti-Stokes peak. The CO2 laser beam lens was
then tuned to reach the highest anti-Stokes peak intensity, which signifies the highest temperature
sampled by the argon ion laser beam.
The second loading was then analyzed using Raman spectroscopy. A two dimensional Raman
map of the sample was done using a Jobin Yvon HORIBA T64000 triple spectrometer at 488 nm
(figure 5.4). It was revealed that there were three distinct phases (see figure 5.5). Figure 5.4 shows
the Raman map obtained. In figure 5.4 at the center of the laser heated spot (green region) which
experienced the highest temperatures, we see that the region is predominantly an unknown phase
with peaks all below 260 cm−1 . The low frequency of these modes indicate that this is a compound
without oxygen atoms. Most likely it is some kind of reaction between the CeO2 and the KBr PTM
(see section 5.4.3). This region shows various levels of crystallinity, with most of it showing very
broad features indicating either nanocrystalline material or amorphous like material. Surrounding
the laser-heated region, we see a band of cotunnite Raman spectra patterns (yellow in figure 5.4).
Outside of the cotunnite regions, we see fluorite Raman spectra patterns where the sample was not
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Figure 5.4: Raman map of the second loading after heating at 20.9(1.0) GPa. Green indicates
Raman corresponding to the unknown phase I, yellow is cotunnite, and purple is fluorite.
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Figure 5.5: Comparison of the different Raman patterns obtained from the second loading after
heating at 20 GPa.
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Figure 5.6: XRD Map of the second loading after heating at 20.9(1.0) GPa. Green indicates KBr
diffraction, blue indicates fluorite diffraction, and red indicates cotunnite diffraction.

hot enough to transform (pink/red in figure 5.4).
XRD micro-focused 2D maps were taken at HPCAT sector 16-IDB (see figure 5.6). The XRD
map showed only cotunnite and fluorite phases. No evidence of another phase was seen. In the
laser-heated region, where we see a different Raman spectra, we only see a cotunnite diffraction
pattern that is highly ordered crystallites with a poor powder average.
Additionally, the XRD of all regions with cotunnite showed evidence of supercell behavior for
cotunnite. Peaks at twice the d spacing of certain peaks were observed. Generating XRD patterns
of a 2x2x2 supercell cotunnite structures, with one oxygen vacancy per eight unit cells of cotunnite,
yielded very similar diffraction patterns to what was observed. Yashima et al.[132] explored XRD
of ceria with defects in much greater detail.
The cell was then decompressed to ∼4.5 GPa and was laser-heated to transform the sample
back into fluorite. An anneal temperature of 468(23) K was measured. While most of the cotunnite transformed back into fluorite, the unknown phase persisted. The cell was then compressed
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Figure 5.7: Fluorescence of either the fluorite phase or unknown phase I on compression of the
sample to 26 GPa. Excited with a 476.5 nm argon ion laser. The spectra shown has a transfer
function applied.
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to ∼27.9 GPa and another laser-heating run was conducted (same procedure as described earlier)
to get another point for the phase boundary. At 27.9(2.1) GPa we saw the sample fluoresce very
strongly (see figure 5.7). The fluorescence is centered around 670 nm and ends around ∼950 nm.
This fluorescence diminished the signal to noise ratio of our Raman spectra at this pressure. Additionally, since not all of the cotunnite was likely transformed back into fluorite, it is possible we
were heating the cotunnite crystallites more than the fluorite crystallites. Although we chose to
sample with the argon ion laser a region with no cotunnite, it’s possible that the temperature of
the cotunnite crystallites could be higher in temperature than the fluorite crystallites. What we observed was a steady change from the fluorite phase to the cotunnite phase. In comparison, at lower
pressures we observed a discontinuous change where the sample would shoot up in temperature.
While at 27.9(2.1) GPa as the laser power was steadily increased, the fluorite Raman spectra slowly
diminished as the cotunnite Raman spectra slowly grew. The ambiguity of the start of transition
(when we first see the cotunnite peak) and the diminished signal to noise both contributed to a large
error in the temperature determination of the phase boundary at this pressure of 27.9(2.1) GPa (see
figure 5.3).
The second loading was then decompressed to 7 GPa, laser-heated, and then compressed to
18.4(3) GPa and laser-heated. The last temperature read before a discontinuous change in temperature was 945(43) K.
A third loading was done in KBr PTM and 300 micron culets. This loading was taken to 14.2(5)
GPa and CO2 laser-heated. The last temperature read from the Raman spectra before the sample
discontinuously went up in temperature was 1004(24) K. As before, we see the same Raman spectra of the unknown phase only this time the peaks in certain regions were more crystalline.
The third loading was then decompressed to ∼9.5 GPa and laser-heated to transform back into
fluorite. The back transformation temperature or anneal temperature was found to be 746(34) K
(black triangles in figure 5.3). As before with the second loading, the majority of the cotunnite was
transformed back into fluorite, but the unknown phase would persist. This unknown phase would
sometimes go away at high temperatures (>2000 K) but would also reappear in other regions. The
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unknown phase regions would reliably fluoresce in the green with the 476 nm laser upon it. The
cell was then compressed to 15.4(0.7) GPa and laser-heated. The last temperature recorded before
the sample discontinuously went up in temperature was 955(22) K.
The fourth loading was done in CsI PTM, and 250 micron culets. CsI was chosen as the
PTM for its high melting temperature [157] and to see if the same unknown phase as with the
KBr PTM would form, in order to determine if it is a reaction between the sample and PTM.
The cell was taken to 22.3(5) GPa and laser-heated. Just as at 27.9 GPa in the second loading,
the peaks of the fluorite phase slowly diminished as cotunnite peaks increased with increasing
laser power and temperature. At each laser power, multiple Raman patterns were taken. We
attempted to obtain kinetic information on the transition, but the data was not adequate to get
good information. The earliest transition temperature was 697(30) K. Ex-situ Raman spectra of
the heating showed the creation of cotunnite plus an additional unknown phase that was similar to
the unknown phase I in the previous loadings, but the wavenumbers of the peaks were even lower.
None of the peaks exceeded 140 wavenumbers. The unknown phase created in CsI PTM will be
refered to as unknown phase II, and the phase made in KBr PTM as unknown phase I.
The fourth loading was then decompressed to ∼8.9 GPa and laser-heated. The sample transformed back into fluorite, however the unknown phase II would not anneal out at all. The anneal
temperature appears to be 746(34) K. Leaving the pressure of the cell at 8.9 GPa, we laser-heated
(at a different spot on the sample where there is fluorite and no unknown phase II) until we saw
a discontinuous jump at 1179(60) K (shown by a solid circle in figure 5.3). Raman spectra after
the heat showed that the sample had no cotunnite and the laser-heated region was a mix of the
unknown phase II and fluorite. The reason for the lack of cotunnite could be due to the fact that we
are heating above the anneal temperature and at these pressures the cotunnite phase is not recoverable to ambient temperature, or we were not forming cotunnite at these high temperatures (only
unknown phase II). Figure 5.3 shows a closed circle for this point, which conveniently lies within
the same Classius-Clapeyron slope as the other points.
The fourth loading was then taken to 12 GPa and laser-heated until 860(100) K before it dis-
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continuously went up in temperature (solid circle in figure 5.3). No cotunnite was recovered at this
pressure either. The laser power steps were coarse (5 W steps), which explains the very large error
in the temperature measurement.

5.4

Results

5.4.1

Clausius-Clapeyron Relation

Two phases of matter that are in equilibrium with each other must have the same temperature and
pressure to be in thermodynamic equilibrium. The thermodynamic phase boundary between the
two phases in P-T space can be defined as the pressure and temperature where the Gibb’s free
energy is equal to each other [158]

G1 (T, P ) = G2 (T, P )

(5.3)

where 1 and 2 are the phase indices. Substituting in dG = V dP − SdT for both sides we get

V1 dP − S1 dT = V2 dP − S2 dT.

(5.4)

V2 − V1
∆V
dT
=
=
.
dP
S2 − S1
∆S

(5.5)

Collect like terms

At thermal equilibrium, the pressure of both phases must be equal to each other. At constant
0

*+ T dS = Q).[158] Thus
pressure the enthalpy must be equal to the heat of transition (dH = V 
dP

substituting in T ∆S = Q = ∆H
dT
T ∆V
=
dP
∆H

(5.6)

which is the Clausius-Clapeyron relation.
Figure 5.3 shows the mapped phase boundary using the methods described earlier. Fitting a
line to the valid points (red squares in figure 5.3), we get an intercept of 1524(88) K, and a slope
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of dT/dP = -36(4) K/GPa. The dotted lines indicate the 95% confidence bands for the fitted line.
The change in volume per formula unit across the phase boundary is given by Jacobsen et
al.[152] as -2.4(1) Å3 at 293 K. Assuming a linear Clausius-Clapeyron relation, we can obtain an
estimate in the change in entropy between the fluorite and cotunnite phases at room temperature.

∆s =

∆v
dT /dP

(5.7)

Inserting the measured dT /dP and ∆v from literature, we obtain ∆s = 6.7(8) ∗ 10−23 J/K per
formula unit or ∆S ◦ = 40(5) J/K/mol for standard molar entropy (moles of CeO2 formula unit)
at 293 K. Using the equation T ∆S = ∆H, we get a latent heat of 11.7(1.4) kJ/mol at 293 K. The
negative slope of the Clausius-Clapeyron relation indicates that although we see a decrease in the
volume (increased density), we also see an increase in the entropy.

5.4.2

Polarized Raman Spectra

Placing a polarizer in the collection path of the Raman spectrometer collection path and taking
spectra at different orientations of the polarizer can give you information about the polarization
of the Raman scattered light from the sample. The polarizer can be set perpendicular relative
to the incident laser light polarization (I⊥ ) or it can be set parallel relative to the incident laser
light polarization (Ik ). The depolarization ratio (ρ) of a Raman peak is defined as the intensity of
the peak with the polarizer perpendicular divided by the intensity of the peak with the polarizer
parallel.
ρ≡

I⊥
Ik

(5.8)

For unpolarized light, ρ will be equal to 0.75. All symmetric vibrations will Raman scatter light
with a parallel polarization (ρ = 0).[5]
The fluorite phase of ceria, with F m3̄m (225) space group and Wyckoff positions 4a and 8c,
has one allowed Raman active mode (T2g ). The high pressure phase of cotunnite, with a space
group of P nma (62) and Wyckoff position of 4c for all three atoms (Ce, O, O), has 6Ag + 3B1g +
75
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Figure 5.8: Polarized Raman scattering of the cotunnite phase at 20 GPa.

6B2g + 3B3g for the allowed Raman active modes. Group theory and symmetry of the modes
predicts that, in a back scattering geometry, all of the symmetric Ag modes are predicted to Raman
scatter light with a polarization parallel to the incident light polarization, and the B1g , B2g , and B3g
modes are predicted to Raman scatter light that is depolarized (ρ = 0.75).
Figure 5.8 shows the polarized Raman scattering of the cottunite phase at 20 GPa. The perpendicular polarization shows a spectrum that is significantly smaller than the parallel polarization
making it difficult for the reader to interpret. Figure 5.9 has the same data, but the perpendicular
polarization is multiplied by five, so that it is easier to see the different responses from the peaks.
We expect the Ag modes to be extinguished in the perpendicular spectrum and the rest to remain, however this is not what we see in these figures. Figure 5.8 shows that the overall intensity
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Figure 5.9: Polarized Raman scattering of the cotunnite phase. Same spectra as figure 5.8, but
with the perpendicular polarization multiplied by 5 in order to better see the difference in peak
intensities.
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of all peaks are significantly reduced (0.1 ≤ ρ ≤ 0.2). This overall intensity reduction can be
explained by poor instrument alignment. As the polarizer and quarter-wave plate is rotated, the
alignment to the entrance of the spectrometer is changed and the overall spectrum intensity is
reduced as not all of the light makes it through the entrance slit. Thus the system’s optical throughput with the perpendicular orientation of the polarizer is less than the throughput with the parallel
orientation.
Figure 5.9 shows that there are differences in the response of the intensity of peaks with respect
to polarization. It is clear from figure 5.9 that the peaks at 140 cm−1 and 375 cm−1 are more
polarized in the parallel direction compared to the other peaks. However, if these two peaks are
from the symmetric Ag vibration, then we would expect an near full extinguishing of the peak
intensity. This can be explained by the fact that we are collecting Raman scattered light through
strained diamonds at 20 GPa. This strain caused an induced birefringence of the diamonds. This
birefringence can modify the polarization of both the incident laser light and the Raman scattered
light. This will somewhat depolarize the Raman scattered light and cause an increase in ρ for
polarized light. Thus at a given pressure, the procedure taken is to calibrate the angle of the
polarizer that corresponds to perpendicular and parallel orientations with the specific diamond
birefringence. The angle of the polarizer is calibrated to give a maximum and minimum signal of
the laser beam when the laser beam is focused onto the Re gasket. A depolarization ratio of at least
0.2 is achievable for polarized light at modest diamond strain(<30 GPa for 300 micron culets).
Additionally, Johnson et al.[159] demonstrated that powdered crystalline solids can scramble
the polarization of light entering and exiting the solid due to the difference of index of refraction between the sample and air. Thus a powder in air should have near full depolarized Raman
scattered light. Johnson et al.[159] also showed that the birefringence of the sample can cause depolarization of the Raman scattered light. The cotunnite phase of ceria is orthorhombic, therefore
we expect some level of birefringence in the sample. The index of refraction mismatch between
the PTM and ceria, and the birefringence of the sample, both contribute to the depolarization of the
Raman scattered light. The index of refraction and birefringence of cotunnite ceria at high pressure
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is currently unknown.
Figure 5.9 shows that the peaks at 140 cm−1 and 375 cm−1 have a ρ of about 0.5∗0.75 = 0.375
if we assume the remaining peaks are depolarized with their ρ = 0.75. The depolarization ratio
of the Re Raman peak at these experimental conditions was not measured, therefore the effective
depolarization ratio is not known for these spectra. It is expected that, at higher diamond strains,
the depolarization ratio should become worse (ρ increases for symmetric vibrations).
No claim is being made on the wavelength dependence on the strain induced birefringence,
however its seems to be well behaved as it appears as if there is no significant sinusoidal dependence on the intensity vs wavelength. Future tests could involve shining polarized white light on a
reflective surface in the DAC (i.e. gasket) under pressure, and measuring the variation of intensity
across wavelengths as a function of polarizer angle.
Future calibration could involve measuring the diamond phonon with respect to the polarization. This has the added benefit of measuring the diamond strain at the same location as the sample,
rather than calibrating the polarizer at a different location (the gasket) which may have a different diamond strain. This could also be used as a direct measure of the induced birefringence as
the Raman spectra samples the entire length of the diamond. Comparing the shifted Raman peak
(strained culet) to the unstrained portion could tell you how the strain is changing the birefringence.
Although this spectrum’s quality is not high enough for quantitative measurements, it is still
useful for identifying modes. It is clear from figure 5.9 that the peaks at 140 cm−1 and 375 cm−1
are Ag vibrations since they are more polarized than the rest of the peaks. The rest of the peaks are
depolarized and are the B1g , B2g , and B3g vibrations.
5.4.3

Unknown Phases

Two different unknown phases were made as per Raman spectroscopy. One was made in a KBr
PTM (unknown phase I) and one was made in CsI (unknown phase II). Figure 5.10 shows the
Raman spectra of these two phases. In both cases, the phases were made consistently; meaning
that any time we laser-heated too strongly and the sample had a temperature >2000 K we would
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Figure 5.10: Comparing the unknown phases made with laser heating. Unknown phase I is made
in KBr PTM, and unknown phase II is made in CsI. The difference in patterns indicates that this is
simply a reaction between ceria and the PTM.
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always see one of these two phases depending on which PTM used.
The low wavenumbers of the Raman spectra indicates that the unknown phases are composed
of low frequency phonons (at the gamma point) which indicates it is composed of large atoms with
low vibrational frequency such as Ce, Br, and I. Heating in CsI indicates a similar but different
pattern (figure 5.10). The lack of ability to anneal and obtaining different patterns with different
PTM’s, indicate that these compounds are a reaction between the sample and PTM. Raman numerical calculations of the phonon mode frequencies were done for cotunnite (figure 5.11), CeBr3 ,[160]
and P 6̄2m (figure 5.12). The accuracy of these calculations are typically very poor (±50 cm−1 ).
However since the majority of the peaks seem to match the same range and multiplicity as the measured spectrum, the P nma structure fits within error of the cottunite Raman pattern. The P 6̄2m
predicted pattern is systematically all above 200 wavenumbers, while the measured spectrum in
figure 5.12 has all peaks below 250 wavenumbers (the higher peaks are remnants of the cotunnite
phase; see figure 5.10), therefore P 6̄2m is not a good fit.

5.4.4

Superionic Ceria

Ambient tests on ceria in open air showed evidence of a possible superionic phase. Using the
argon ion laser beam (476.486 nm) to heat bulk ceria in open air, the temperature was measured as
a function of the argon ion laser beam power on the sample. The temperature was measured from
the Raman pattern from the same laser. Since the sample is in bulk (compared to the amount in
the diamond anvil cell) the absorption of the laser by the is much greater than it is in a diamond
anvil cell. We were able to get to about 700 K in the bulk sample with about 200 mW of 476.49
nm laser light on the sample, while at the same laser power in a DAC yielded only about 350 K.
A discontinuous drop in the intensity of the Raman spectra and a drop in fluorescence was seen
around 296(27)◦ C in the bulk sample in air. Going up and down in temperature showed that this
transition is fully reversible, where the Raman intensity and fluorescence would immediately return
upon dropping the laser power. The sample in the DAC showed no signs of this transition. The
most likely cause of this is the sample going superionic in open air. Khan et al.[161] showed that
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Figure 5.11: Raman of the cotunnite with the calculated P nma modes. P nma is a predicted phase
by Chris Pickard’s AIRSS calculations.
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Figure 5.12: Raman of the unknown phase I with the calculated P62m modes. P62m is a predicted
phase by Chris Pickard’s AIRSS calculations.
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at 290◦ C ceria in open air has a weight loss and the measured ionic conductivity just starts to go
up at 290◦ C. By calculating the temperature when the B1u phonon mode crosses zero, Klarbring et
al.[126] calculated that the superionic transition (for a closed ceria system) should be around 2150
K. At 5 GPa in a DAC, we took the sample up to nearly 1000 K and saw no discontinuous change
in the spectra. Therefore, what we see for ceria is consistent with literature where in open air there
is an a change in the sample that corresponds with the reported change in ionic conductivity, but in
a DAC which is not in open air we see no change.

5.5

Conclusion

We have CO2 laser-heated ceria at high pressures in order to map the ceria phase boundary between
fluorite and cottunite up to 1000 K for the first time. Within the accuracy of our measurements the
slope appears to be linear. The slope of the boundary is found to be dT/dP = -36(4) K/GPa. From
the measured Clausius-Clapeyron slope, we are able to get an estimate on the change in entropy
and the latent heat at 293 K. The change in entropy is ∆S ◦ = 40(5) J/K/mol and the latent heat
is 11.7(1.4) kJ/mol. Multiple loadings have been done in order to get enough data points as the
sample is highly kinetically hindered between these two phases. In situ Raman spectroscopy was
used to determine the temperature and the presence of each of the phases in the sample.
The temperatures measured are low for laser heating experiments (≤1000 K), as temperatures
are typically measured using pyrometry which requires much greater temperatures (>1200 K) for
enough thermal emission. These low temperature measurements were possible due to using Raman
spectroscopy as a temperature probe and having a stable CO2 laser beam due to the developments
outlined in chapter 3.
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Appendix A Supporting Information: Covalency is Frustrating: La2 Sn2 O7 and the Nature
of Bonding in Pyrochlores Under High Pressure - Temperature Conditions

A.1

Statement of Effort

Reproduced with permission from: C. Childs, K. V. Lawler, A. L. Hector, S. Petitgirard, O.
Noked, J. S. Smith, D. Daisenberger, L. Bezacier, M. Jura, C. J. Pickard, and A. Salamat, “Covalency is Frustrating: La2Sn2O7 and the Nature of Bonding in Pyrochlores under High Pressure–Temperature Conditions,” Inorganic Chemistry, vol. 57, no. 24, pp. 15 051–15 061, Dec. 2018
Copyright 2018 American Chemical Society.
No deviations or discontinuities in the FWHM or intensity of the Bragg diffraction peaks as
function of pressure were observed. The main feature that manifests in the XRD pattern above this
pressure is the group of peaks around 10 degrees. At the maximum measured pressure of 61 GPa
no remanence of the ambient phase was observed, suggesting the presence of a high density phase.
By 55 GPa the Debye-Scherrer rings (Figure 2.2, Main Text) become highly textured. This raises
questions over the reliability of the relative intensities of the Bragg peaks. By 61 GPa the main
Debye-Scherrer ring(s) at the higher end of the d-spacing range, along with being highly textured,
appear to be sitting on a very diffuse ring, that is present from the onset of the phase transition at
49.3 GPa. This is direct evidence of disordering in the crystalline phase as a consequence of the
mechanism undertaken during the structural change. The diffuse-like Debye-Scherrer diffraction
Quadrant
1
2
3
4

Average laser power
19 W
24 W
34 W
48 W

Total time
75 s
135 s
135 s
775 s

Estimated intensity on sample
3.1 MW/cm2
3.9 MW/cm2
5.6 MW/cm2
8.0 MW/cm2

Table A.1: Summary of the heating powers and exposure times on each quadrant of the sample.
See Figure 2.7 of the main text for the quadrant labels.
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Figure A.1: (left) X-ray diffraction patterns at the initial and final temperatures obtained during the
isobaric heating of F d3̄m La2 Sn2 O7 . No phase transition was observed. (right) Evolution of the
cubic lattice parameter as a function of temperature.

Temperature (K)
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000

Lattice Constant (Å)
10.70090(9)
10.70475(9)
10.70911(8)
10.71318(8)
10.71722(9)
10.72199(9)
10.72762(9)
10.73119(10)
10.73575(10)
10.74056(10)
10.74525(10)
10.75006(10)
10.75476(10)
10.75990(11)
10.76459(11)

Volume (Å3 )
1225.35(3)
1226.67(3)
1228.17(3)
1229.58(3)
1230.97(3)
1232.61(3)
1234.55(3)
1235.79(3)
1237.36(3)
1239.03(3)
1240.65(4)
1242.32(3)
1243.95(4)
1245.73(4)
1247.36(4)

Volume per formula unit (Å3 )
153.17
153.33
153.52
153.7
153.87
154.08
154.32
154.47
154.67
154.88
155.08
155.29
155.49
155.72
155.92

Table A.2: The evolution of the lattice constant and cell volume of F d3̄m La2 Sn2 O7 between 3001050 K at ambient pressure.
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Figure A.2: S(Q) of the amorphized sample at 75 GPa.
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rings above 49.3 GPa also indicate possible amorphization in localized domains akin to what is
observed during non-hydrostatic compression.
Both the non-hydrostatically and quasi-hydrostatically compressed samples were examined by
Raman spectroscopy (514.5 nm excitation) during compression and decompression. The spectra
for both cases showed the main phonon peaks below 750 cm−1 at ambient conditions, and a broad
fluorescence from 700-850 nm, which has been previously classified as Sn s2-sp transition.6 The
ambient pressure Raman vibrational peaks are 298 cm−1 , 330 cm−1 , 402 cm−1 , 491 cm−1 , and 526
cm−1 (Figure A.3). As the pressure was increased in the non-hydrostatic sample, the peak positions
increased and were attenuated until 36 GPa where all the peaks disappeared. Upon decompression,
the spectra remained featureless until less than 3.3 GPa, where two broad features spanning 100
wavenumbers were observed. The quasi-hydrostatic sample exhibited the same peak evolution as
the non-hydrostatic sample during compression except the peaks remaining visible until 49.3 GPa
when the structure began the kinetically hindered first order phase transition.
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Figure A.3: Raman spectra of F d3̄m La2 Sn2 O7 from 500-900 nm. (inset) Zoom-in of the vibrational peaks.
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Figure A.4: (top) Evolution of the Raman peak positions as a function of pressure. (bottom)
Raman spectra of the (red) ambient F d3̄m phase, (blue) recovered non-hydrostatically compressed
sample, and (black) recovered post-laser heated high pressure P 21 /c phase.
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Pressure (GPa)
0
0.3
0.7
0.9
1.5
2.1
2.7
4.8
5.4
6.1
6.6
7
7.8
8.3
9
9.8
11
11.5
12.3
13.3
14.5
16
18.5
21.2
23.5
24.9
26.9
28.6
30
33.5
38.5
40.9
43.3
46
49.3
53
54.6
58

Lattice Constant (Å)
10.7003(1)
10.6978(1)
10.6898(1)
10.6851(1)
10.6745(1)
10.6620(2)
10.6525(1)
10.6191(2)
10.6070(1)
10.5972(1)
10.5841(1)
10.5783(2)
10.5644(2)
10.5558(2)
10.5439(2)
10.5297(2)
10.5099(3)
10.5013(3)
10.4882(3)
10.4706(3)
10.4543(4)
10.43162(3)
10.3934(3)
10.3601(4)
10.3320(4)
10.3140(4)
10.2894(4)
10.2684(3)
10.2521(4)
10.2116(3)
10.1586(4)
10.1348(4)
10.1114(4)
10.0816(4)
10.0426(6)
10.0105(6)
10.0079(6)
10.0049(6)

Volume (Å3 )
1225.17(6)
1224.30(6)
1221.56(6)
1219.96(6)
1216.32(6)
1212.06(9)
1208.81(7)
1197.5(1)
1193.36(1)
1190.08(1)
1185.67(1)
1183.7(1)
1179.0(1)
1176.2(1)
1172.2(1)
1167.5(1)
1160.9(1)
1158.1(1)
1153.7(2)
1147.9(2)
1142.6(3)
1135.2(2)
1122.7(2)
1112.0(3)
1103.0(3)
1097.2(3)
1089.4(3)
1082.7(2)
1077.6(3)
1064.8(2)
1048.3(4)
1041.0(4)
1033.8(4)
1024.7(4)
1012.832402
1003.141584
1002.370671
1001.467717

Volume per formula unit (Å3 )
153.146(1)
153.0378(1)
152.695(1)
152.495(1)
152.0399(1)
151.508(2)
151.101(1)
149.68(1)
149.170(1)
148.760(1)
148.209(1)
147.97(1)
147.38(1)
147.02(1)
146.53(1)
145.93(1)
145.12(1)
144.76(1)
144.21(3)
143.49(3)
142.82(5)
141.89(3)
140.34(3)
139.00(5)
137.87(5)
137.15(5)
136.17(5)
135.34(3)
134.70(5)
133.10(3)
131.04(6)
130.12(6)
129.22(6)
128.09(6)
126.6040503
125.392698
125.2963339
125.1834647

Table A.3: The evolution of the lattice constant and cell volume of F d3̄m La2 Sn2 O7 during quasihydrostatic compression up to 49.3 GPa at ambient temperature.
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Figure A.5: The lattice constant of the cubic F d3̄m ambient phase of La2 Sn2 O7 as a function of
pressure (isothermal and quasi-hydrostatic He PTM, right) and temperature (isobaric up to 1050
K, left). Beyond 49.3 GPa there is evidence for the emergence of a high-pressure phase and phase
coexistence.

Atom
La
La
Sn
Sn
O
O
O
O
O
O
O

x
0.05618
0.35852
0.60761
0.7071
0.66216
0.33591
0.0219
0.96169
0.05863
0.229
0.69475

y
0.7786
0.18841
0.22812
0.2542
0.33695
0.43447
0.0735
0.43441
0.33706
0.06419
0.052

z
0.43881
0.47115
0.72405
0.33602
0.52286
0.92313
0.78883
0.1393
0.38896
0.28187
0.16286

SOF
1
1
1
1
1
1
1
1
1
1
1

B
0.081
0.081
0.001
0.001
0.028
0.028
0.028
0.028
0.028
0.028
0.028

Wyckoff
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

Sym.
1
1
1
1
1
1
1
1
1
1
1

Table A.4: The Rietveld refined atomic positions for the recovered high pressure P 21 /n phase
(setting 2 of space group 14 P 21 /c), at ambient pressure.
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Figure S8: Representative band-decomposed charge densities for the bands around -12 eV
where La and O1 have overlapping densities of states.

Figure A.8: Representative band-decomposed charge densities for the bands around -12 eV where
La and O1 have overlapping densities of states.
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Figure A.9: The ambient F d3̄m phase of La2 Sn2 O7 and the structure solutions predicted by AIRSS
at 70 GPa: La – green, O – red, Sn – grey, SnO6 polyhedra – purple.
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Castelli, S. J. Clark, A. Dal Corso, S. De Gironcoli, T. Deutsch, J. K. Dewhurst, I. Di
Marco, C. Draxl, M. Dułak, O. Eriksson, J. A. Flores-Livas, K. F. Garrity, L. Genovese, P.
Giannozzi, M. Giantomassi, S. Goedecker, X. Gonze, O. Grånäs, E. K. Gross, A. Gulans,
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9. Kearney, J. S. C.; Graužinytė, M.; Smith, D.; Sneed, D.; Childs, C.; Hinton, J.; Park, C.; Smith,
J. S.; Kim, E.; Fitch, S. D. S.; et al. Pressure-Tuneable Visible-Range Band Gap in the Ionic
Spinel Tin Nitride . Angew. Chemie - Int. Ed. 2018, 57 (36), 11623–11628.
10. Smith, D.; Lawler, K. V.; Martinez-Canales, M.; Daykin, A. W.; Fussell, Z.; Smith, G. A.;
Childs, C.; Smith, J. S.; Pickard, C. J.; Salamat, A. Postaragonite phases of CaCO3 at lower
mantle pressures . Phys. Rev. Materials 2018, 2, 013605
11. Childs, C.; Lawler, K. V.; Hector, A. L.; Petitgirard, S.; Noked, O.; Smith, J. S.; Daisenberger,
D.; Bezacier, L.; Jura, M.; Pickard, C. J.; Salamat, A. Covalency is Frustrating: La2Sn2O7 and
the Nature of Bonding in Pyrochlores under High Pressure–Temperature Conditions . Inorg.
Chem. 2018, 57, 24, 15051-15061
12. Wang S.; Zang, C.; Wang, Y.; Wang, L.; Zhang, J.; Childs, C.; Ge, H.; Xu, H.; Chen, H.;
He, D.; Zhao, Y. Revisit of Pressure-Induced Phase Transition in PbSe: Crystal Structure, and
Thermoelastic and Electrical Properties . Inorg. Chem. 2015, 54, 10, 4981-4989
Conferences
2016 Presentation Erice, Italy: High-pressure crystallography: status artis and emerging opportunities
2016 Poster
New Hampshire, USA: Gordon Research Conference
2016 Presentation Pohang, Korea: International Union of Crystallography
2017 Poster
Beijing, China: AIRAPT
2018 Poster
New Hampshire, USA: Gordon Research Conference
References
Ashkan Salamat:

PhD Advisor
Phone: (702) 895-1716
E-mail: salamat@physics.unlv.edu

115

Tommy Gonzales:

Ssgt of Marines
Phone: (760) 717-7257
E-mail: tjgonzales2@gmail.com

Bernard Zygelman: Professor
Phone: (702) 895-1321
E-mail: bernard@physics.unlv.edu
Rebecca Martin:

Professor
Phone: (702) 895-4790
E-mail: rebecca.martin@unlv.edu

116

